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Abstract 
 
! Chapter 1.  The research of diazoalkanes dates back more than 100 years, yet a 
disproportionally small number of methods have been developed to utilize their unique 
reactivity patterns.  This review seeks to analyze the history of methods used to 
synthesize diazoalkanes and to highlight the parallel growth in methods for their use in 
carbonyl expansion reactions.   
 
! Chapter 2.  The development of Sc(III)-catalyzed ring expansion  of cyclic ketones 
with non-stabilized diazoalkanes is presented.  A brief overview of previous contributions 
to ring expansion methodology is presented in order to provide appropriate context to 
newly discovered methods.  Our strategy for method development centered on several 
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issues of practicality with regard to efficient synthesis of diazo nucleophiles as well as 
their safe handling.  The results of this initial discovery laid the groundwork for the 
development of the first catalytic enantioselective ring expansion of cyclic ketones with 
diazoalkanes.  As well as an improved methylene insertion reaction of silyl-substituted 
diazomethanes. 
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Chapter 1  
Modern Methods for Diazoalkane Synthesis and Their Impact on 
the Development of Carbonyl Insertion Chemistry 
 
1.1. Introduction 
Since the synthesis of the first diazoalkane by Curtius,1 these useful compounds have 
challenged and fascinated synthetic organic chemists.  Almost immediately the potential 
utility of the amphoteric diazo functionality was realized – able to react as a nucleophile 
in basic or neutral medium and able to react as an electrophile in protic medium. Among 
the first reactions of diazo compounds discovered was the reaction of simple 
diazomethanes and carbonyl containing compounds under mild conditions (Scheme 1.1, 
1.1+1.2!1.3).2 Although Schlotterbeck is usually credited with discovering this type of 
reactivity, 3  similar reactivity had been reported in the seminal papers regarding 
diazoacetates4 and diazomethane,5 including the formal insertion of O–H, N–H and C–H 
bonds.  Many of these initial reports were focused on reactions of diazo esters derived 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(1) "Ueber Die Einwirkung Von Salpetriger Säure Auf Salzsauren Glycocolläther." Curtius, T. Berichte 
1883, 16, 2230–2231. 
(2) "The Reaction of Diazomethane and Its Derivatives with Aldehydes and Ketones." Gutsche, C. D. 
Org. React. 1954, 8, 364–403. 
(3) "Umwandlung Von Aldehyden in Ketone Durch Diazomethan." Schlotterbeck, F. Berichte 1907, 31, 
479–488. 
(4) "Synthese Von Ketonsäureäthern Aus Aldehyden Und Diazoessigäther." Buchner, E.; Curtius, T. 
Berichte 1885, 18, 2371–2377. 
(5) "Ueber Diazomethan." Pechmann, von, H. Berichte 1894, 27, 1888–1889. 
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from glycine, and much attention has been paid to these “stabilized” diazo compounds.6  
This manuscript will focus on what will be termed “non-stabilized” diazoalkanes in order 
to draw a distinction between those bearing an electron accepting group (carbonyl, 
phosphoryl, sulfonyl) vicinal to the diazo function and those without such a substituent, 
but where appropriate will discuss new developments of carbon insertion chemistry as it 
relates to this class of substrates. 
Scheme 1.1 
 
The thermal lability and toxic nature of diazoalkanes varies widely depending on 
substitution and the electron nature of the diazo function.  Diazomethane and aryl-
substituted diazomethanes lie at the more reactive end of the spectrum while the more 
stable diazomethanes substituted with acceptor groups such as carbonyl or phosphoryl 
moieties lie at the opposite end (Figure 1.1).7 While limited thermal decomposition data 
is available for a broad class of diazoalkanes, studies have been published concerning the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(6) (a) Doyle, M. P.; McKervey, M. A.; Ye, T. Modern Catalytic Methods for Organic Synthesis with 
Diazo Compounds; from Cyclopropanes to Ylides; Wiley–Interscience, 1998.  (b) Regitz, M.; Maas, G. 
Diazo Compounds: Properties and Synthesis; Academic Press: Orlando, 1986 (c) "Recent Advances in 
Asymmetric Catalytic Metal Carbene Transformations." Doyle, M. P.; Forbes, D. C. Chem. Rev. 1998, 98, 
911–936. (d) "Organic Synthesis with "-Diazo Carbonyl Compounds." Ye, T.; McKervey, M. Chem. Rev. 
1994, 94, 1091–1160 and references contained therein. 
(7) (a) "How Nucleophilic Are Diazo Compounds?" Bug, T.; Hartnagel, M.; Schlierf, C.; Mayr, H. 
Chem.–Eur. J. 2003, 9, 4068–4076.  (b) "Reference Scales for the Characterization of Cationic 
Electrophiles and Neutral Nucleophiles." Mayr, H.; Bug, T.; Gotta, M. F.; Hering, N.; Irrgang, B.; Janker, 
B.; Kempf, B.; Loos, R.; Ofial, A. R.; Remennikov, G.; Schimmel, H. J. Am. Chem. Soc. 2001, 123, 9500–
9512. 
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stability of the two most synthetically important diazoalkanes: ethyl diazoacetate 
(EDA)8,9 and diazomethane.10  
Figure 1.1 
 
The concern of stability and toxicity has not outweighed the interest diazo compounds 
have garnered within the synthetic community. Diazoalkanes smoothly insert into acidic 
O–H bonds making them an atom-economical esterification reagent.11 They are also 
capable of etherification of alcohols12 and phenols,13 and the 1,3-dipole participates in 
cyclization reactions with alkynes14 and electron-deficient alkenes.15 Diazoalkanes are 
perhaps most often used in reactions mediated by or generating metallocarbenes or 
carbenoids6,16 such as sulfur-mediated aziridination,17 epoxidation,18 cyclopropanation.17b  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(8) "The Thermal Stability of Ethyl Diazoacetate." Clark, J.; Shah, A.; Peterson, J.; Patelis, L.; Kersten, 
R.; Heemskerk, A.; Grogan, M.; Camden, S. Thermochim Acta 2002, 386, 65–72. 
(9) "Detonation Properties of Ethyl Diazoacetate." Clark, J.; Shah, A.; Peterson, J.; Patelis, L.; Kersten, 
R.; Heemskerk, A. Thermochim Acta 2002, 386, 73–79. 
(10) "Development of a Continuous Process for the Industrial Generation of Diazomethane." Proctor, L. 
Org. Process Res. Dev. 2002, 6, 884–892. 
(11) (a) Aldrichimca acta? (b) "Mechanism of Methyl Esterification of Carboxylic Acids by 
Trimethylsilyldiazomethane." Kühnel, E.; Laffan, D. D. P.; Lloyd-Jones, G. C.; Martínez Del Campo, T.; 
Shepperson, I. R.; Slaughter, J. L. Angew. Chem. Int. Ed. 2007, 46, 7075–7078. 
(12) Alcohol insertion 
(13) Phenol insertion 
(14) Reaction with alkynes 
(15) Reaction with enones 
(16) (a) "A Recyclable Ru-Based Metathesis Catalyst." Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, P. 
J.; Hoveyda, A. H. J. Am. Chem. Soc. 1999, 121, 791–799. (b) "Catalytic Methods for Metal Carbene 
Transformations." Doyle, M. P. Chem. Rev. 1986, 86, 919–939. 
-1 0 1 2 3 4 5 6 7 8 9 10 11
CO2EtEtO2C
N2
CO2Me
N2 CO2Et
N2
Ph Ph
N2
TMS
N2
Ph
N2
H
N2
H
H
HH
H
N
Chapter 1 
Page 4 
 
Despite the possible advantages, the chemical and pharmaceutical industries have been 
reluctant to adapt these technologies to scale due to lack of stability and the potential for 
destructive decomposition of large quantities of non-stabilized diazo compounds. 
Recently, however, patent filings19 show a willingness to design novel processes in order 
to access these highly useful reagents.  Continuous processes19a allow for the manufacture 
of multi-ton quantities over an extended period of time while maintaining real-time 
inventories at safe levels.  Within this context, Phoenix Chemicals, Ltd. was able to carry 
out a key sequence toward the synthesis of HIV protease inhibitor nelfinavir mesylate 
(1.4, Scheme 1.2).10   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(17) (a) "Scope and Limitations in Sulfur Ylide Mediated Catalytic Asymmetric Aziridination of Imines: 
Use of Phenyldiazomethane, Diazoesters and Diazoacetamides." Aggarwal, V.; Ferrara, M.; O'Brien, C.; 
Thompson, A.; Jones, R.; Fieldhouse, R. J. Chem. Soc. Perkin Trans. 1 2001, 1635–1643. (b) "Application 
of Chiral Sulfides to Catalytic Asymmetric Aziridination and Cyclopropanation with in Situ Generation of 
the Diazo Compound." Aggarwal, V. K.; Alonso, E.; Fang, G.; Ferrara, M.; Hynd, G.; Porcelloni, M. 
Angew. Chem. Int. Ed. 2001, 40, 1433–1436. 
(18) (a) "Direct Asymmetric Epoxidation of Aldehydes Using Catalytic Amounts of Enantiomerically Pure 
Sulfides." Aggarwal, V. K.; Ford, J. G.; Thompson, A.; Jones, R. V. H.; Standen, M. C. H. J. Am. Chem. 
Soc. 1996, 118, 7004. (b) "Catalytic Asymmetric Epoxidation and Aziridination Mediated by Sulfur Ylides. 
Evolution of a Project." Aggarwal, V. K. Synlett 1998, 329. (c) "A New Protocol for the in Situ Generation 
of Aromatic, Heteroaromatic, and Unsaturated Diazo Compounds and Its Application in Catalytic and 
Asymmetric Epoxidation of Carbonyl Compounds. Extensive Studies to Map Out Scope and Limitations, 
and Rationalization of Diastereo- and Enantioselectivities." Aggarwal, V. K.; Alonso, E.; Bae, I.; Hynd, G.; 
Lydon, K. M.; Palmer, M. J.; Patel, M.; Porcelloni, M.; Richardson, J.; Stenson, R. A.; Studley, J. R.; Vasse, 
J.; Winn, C. L. J. Am. Chem. Soc. 2003, 125, 10926–10940.  
(19)  (a) Archibald, T. G.; Barnard, J. C.; Reese, H. F. U.S. Patent 5,854,405, December 29, 1998. (b) 
Archibald, T.; Huang, D.; Pratton, M.; Barnard, J. C. U.S. Patent 5,817,778, October 6, 1998. 
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Scheme 1.2 
 
Designing custom processes for each reaction is impractical and very few 
diazoalkanes are commercially available. This illustrates the tantalizing nature of these 
compounds – synthetically valuable, yet, for the majority of researchers, difficult to 
justify risks of stability and toxicity in practice. Two strategies have appeared in the 
literature for improved diazo compound synthesis both aiming to offset these risks: (1) 
methods capable of delivering pure solutions of diazoalkanes for storage and usage under 
controlled conditions and (2) synthetic methods coupled to a second reaction obviating 
the need for isolation and handling.  Both strategies have proven successful.   
Scheme 1.3 
 
The advent of new methods for diazoalkane synthesis has made it clear that more and 
more groups will begin to develop programs around these versatile reagents.  The one-
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carbon chain elongation or ring expansion of ketones and aldehydes (Scheme 1.3) is one 
such reaction that has experienced a parallel growth with diazoalkane synthesis methods.  
The homologation or ring expansion of carbonyls constitutes a challenging task in 
synthetic organic chemistry and ranks among the most strategically useful in synthesis.20  
Because many natural products consist of polycyclic networks of carbon, methylene 
insertion offers a powerful method not only for ring-expansion to higher homologs, but 
also for the simultaneous installation of functionality.  This powerful synthetic 
transformation has been relegated to the role of curiosity over 100 years owing to several 
shortcomings.  While this reaction is known to be effected in the presence of protic 
solvents,21 BF3, Al-based promotors,22 MgBr2,23 and LiBr,24 a lack of selectivity, multiple 
homologations,25 and epoxide byproducts have served to minimalize its use in modern 
synthetic endeavors.26  Within this context, several groups have aimed to achieve a mild 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(20) "A Concise, Stereocontrolled Total Synthesis of Rippertenol." Snyder, S. A.; Wespe, D. A.; Hof, von, 
J. M. J. Am. Chem. Soc. 2011, 133, 8850–8853. 
(21) In Carbocyclic Ring Expansion Reactions; Hart, H., Karabatsos, G. J., Eds.; Academic Press: New 
York, 1969; pp 81-98. 
(22) (a) "New Methods and Reagents in Organic-Synthesis. 18. Homologation of Ketones with 
Trimethylsilyldiazomethane (TMSCHN2)." Hashimoto, N.; Aoyama, T.; Shioiri, T. Chem. Pharm. Bull. 
1982, 30, 119–124. (b) "Selective Homologation of Ketones and Aldehydes with Diazoalkanes Promoted 
by Organoaluminum Reagents." Maruoka, K.; Concepcion, A. B.; Yamamoto, H. Synthesis 1994, 1283– 
1290. 
(23) "New Methods and Reagents in Organic Synthesis; 73. Trimethylsilyldiazomethane: a Convenient 
Reagent for the Conversion of Aliphatic Aldehydes to the Homologous Methyl Ketone." Aoyama, T.; 
Shioiri, T. Synthesis 1988, 228–229. 
(24) (a) "Desoxybenzoins From the Lithium Bromide-Catalyzed Homologation of Aromatic Aldehydes 
with Phenyldiazomethane." Loeschorn, C. A.; Nakajima, M.; Anselme, J. Bull. Soc. Chim. Belges 1981, 90, 
985–986. (b) Loeschorn, C. A.; Nakajima, M.; McCloskey, P. J.; Anselme, J. P. J. Org. Chem. 1983, 48, 
4407–4410. 
(25) "Reactions Des Diazoalcanes Sur Les Cyclanones I. Action Du Diazomethane Sur La 
Cyclobutanone." Jaz, J.; Davreux, J. Bull. Soc. Chim. Belg. 1965, 74, 370–379. 
(26) Very few examples of single carbon homologation exist in the total synthesis literature.  Selected 
examples include: 
Chapter 1 
Page 7 
 
and efficient reaction system with catalysts and promoters that are capable of activating 
ketones toward reaction without deleterious effects on the diazoalkane.   
Further hindering wide-spread development has been a lack of efficient and 
functional group tolerant methods for the synthesis of non-stabilized diazoalkanes.  
Multiple routes to diazoalkanes are available to the modern chemist; however, newer 
methods for the dehydrogenation of hydrazones have allowed access to many 
diazoalkanes unavailable to synthetic chemists 25 years ago.27,28  These achievements 
have renewed interest in this powerful reaction and spurred new progress toward a 
selective and efficient 1–C homologation/chain elongation of ketones and aldehydes.  
1.2. Modern Methods for the Synthesis of Non-Stabilized Diazoalkanes 
Much of the development of chemistry surrounding diazoalkanes has been hampered 
by a lack of efficient synthetic methods with broad substrate scope. To combat the lack of 
generality, synthetic chemists have devised multiple routes (Figure 1.2) for the synthesis 
of diazoalkanes by (A) nitrosation of alkyl amines bearing an electron accepting group, 
(B) dehydrogenation of hydrazones, (C) diazo-transfer to activated methylene compounds, 
(D) substitution of diazoalkanes, (E) triazine decomposition, (F) base-induced hydrolysis !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(27) "New Syntheses of Diazo Compounds." Maas, G. Angew. Chem. Int. Ed. Engl. 2009, 48, 8186–8195. 
(28) (a) "Advantageous Syntheses of Diazo Compounds by Oxidation of Hydrazones with Lead 
Tetraacetate in Basic Environment." Shechter, H.; Holton, T. L. J. Org. Chem. 1995, 60, 4725–4729. (b) 
"Conversions of Hydrazones to Diazo Compounds by N-Butyllithium and 
Azidotris(Diethylamino)Phosphonium Bromide." McGuiness, M.; Shechter, H. Tetrahedron Lett. 2002, 43, 
8425–8427. (c) "Diazo Preparation via Dehydrogenation of Hydrazones with “Activated” DMSO." Javed, 
M. I.; Brewer, M. Org. Lett. 2007, 9, 1789–1792. (d) "A General Procedure for the Esterification of 
Carboxylic Acids with Diazoalkanes Generated in Situ by the Oxidation of N-Tert-
Butyldimethylsilylhydrazones with (Difluoroiodo)Benzene." Furrow, M. E.; Myers, A. G. J. Am. Chem. 
Soc. 2004, 126, 12222–12223. (e) "The Use of Tosylhydrazone Salts as a Safe Alternative for Handling 
Diazo Compounds and Their Applications in Organic Synthesis." Fulton, J.; Aggarwal, V.; de Vicente, J. 
Eur. J. Org. Chem. 2005, 1479–1492. (f) "A Phosphine-Mediated Conversion of Azides Into Diazo 
Compounds." Myers, E. L.; Raines, R. T. Angew. Chem. Int. Ed. Eng. 2009, 48, 2359–2363. 
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of nitrosylcarbamates/amides/sulfonamides, and (G) through base-mediated 
decomposition of sulfonyl-substituted hydrazones. 
Figure 1.2 
 
1.2a Base-Mediated Hydrolysis of Nitrosylamides/Carbamates/Ureas. The simplest 
non-stabilized diazoalkane, diazomethane, was first prepeared by von Pechmann more 
than 100 years ago5 by the reaction of base with a variety of nitrosated methylamine 
derivatives (Scheme 1.4).  Throughout the twentieth century the reaction has been 
improved steadily, giving rise to many optimized preparations along the way.29  It can 
also be used to prepare less common diazoalkanes such as the doubly functionalized 
diazoalkanes 1.8b and 1.9b.30  While the synthetic sequence cannot be described as mild, 
the simplicity and dependability offers reliable method for the synthesis of non-  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(29) For representative examples of syntheses of nitrosoamine precursors and diazomethane see: (a) 
“Diazomethane.” Arndt, F. Org. Synth. 1935, 15, 3–5. (b) Harman, W. W.; Phillips, R. Org. Synth. 1933, 
13, 84. (c) Gutsche, C. D.; Johnson, H. E. Org. Synth. 1955, 35, 91. (d) "Diazomethane." de Boer, T. J.; 
Backer, H. J. Org. Synth. 1956, 36, 16–19. 
(30) (a) "Bisdiazo-alkane." Lieser, T.; Beck, G. Berichte 1950, 83, 137–141. (b) "1,3-Bisdiazoproane. 
Preparation and Cyclization to Pyrazole." Hart, H.; Brewbaker, J. L. J. Am. Chem. Soc. 1969, 91, 706–711. 
(c) "Reaction of 1,3-Bisdiazopropane with Cyclohexane – Possible Intermediacy of Diazocyclopropane." 
Wiseman, J. R.; Chan, H. J. Am. Chem. Soc. 1970, 92, 4749–4751. 
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functionalized diazoalkanes.  Of particular note is that the same basic strategy used by 
von Pechmann is still used today for the production of diazomethane, albeit in a far more 
controlled process.10  
Scheme 1.4 
 
1.2b  Diazotization of alkylamines.  The direct diazotization of an alkyl amine would 
represent the most direct route to diazoalkanes (Scheme 1.5, 1.10!1.5). However, 
isolation of non-stabilized diazoalkanes by this strategy is not possible given the harsh 
conditions of their synthesis. 31   When the diazotization is performed on 1,2-
aminoalcohols with sodium nitrite in acidic medium, a Tiffeneau-Demjanov 
rearrangement (TDR)32 occurs through the diazonium intermediate 1.11b to give ketone 
1.12 (Scheme 1.5).  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(31) Alpha acceptor diazos can be made this way 
(32) "The Demjanov and Tiffeneau-Demjanov Ring Expansions." Smith, P. A. S.; Baer, D. R. Org. React. 
1960, 11, 157–180. 
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Scheme 1.5 
 
  The TDR strategy has been used in complex total syntheses, although a lack of 
control of regiochemistry has limited its use.  In an early example, the synthesis of 
Longipinenes was explored through ring-expansion of bicylcle 1.13 to 1.14a and 1.14b. 
(Scheme 1.6).33   
Scheme 1.6 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(33) "Stereoselective Total Synthesis of (±)-Longipinenes." Miyashita, M.; Yoshikoshi, A. J. Am. Chem. 
Soc. 1974, 96, 1917–1925. 
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The TDR was also applied toward the diversity-oriented synthesis of analogs of the 
antimicrobial agent spectinomycin 1.15 by researchers at Upjohn in 1988 (Scheme 1.7).34 
Although homospectinomycin 1.16 was isolated in low yields (byproducts of epoxidation 
and subsequent hydrolysis made up the mass balance), it is interesting to note that 8-epi-
spectinomycin failed to yield any product of ring-expansion, and only products of 
epoxide formation and hydrolysis were recovered. 
Scheme 1.7 
 
1.2c  Degradation of sulfonylhydrazones (Bamford-Stevens).  The degradation of 
sulfonylhydrazones serves as a contrast in conditions from that of nitrosylcarbamate 
hydrolysis.  When applied to simple alkane substrates only the alkene products of 
elimination or Wagner-Meerwein rearrangement were seen (Scheme 1.8).35 Conversely, 
when aromatic substrates  were treated under the same conditions they gave the 
corresponding diazo compounds 1.19–1.22.  Since that original discovery by Bamford 
and Stevens, this method has been used widely in conjunction with a host of chemical 
transformations. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(34) "Spectinomycin Modification. V. The Synthesis and Biological Activity of Spectinomycin Analogs 
with Ring-Expanded Sugars." Thomas, R. C.; Fritzen, E. L. J. Antibiot. 1988, 41, 1445–1451. 
(35) "The Decomposition of Toluene-P-Sulphonylhydrazones by Alkali." Bamford, W. R.; Stevens, T. S. J. 
Chem. Soc. 1952, 4735–4740.  
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Scheme 1.8 
 
Aside from simple alkene synthesis, the Bamford-Stevens reaction can also be 
coupled to other chemistries obviating the need for isolation of the sensitive diazo 
intermediate.  Aggarwal and coworkers have exploited the use of phase-transfer 
conditions  for the generation and immediate consumption of the diazo compound 
(Scheme 1.9).18c,28e The facile synthesis of tosylhydrazones from simple aldehydes or 
ketones coupled with their inherent stability make these starting materials particularly 
attractive as diazoalkane precursors.  For an in situ reaction, PTC 1.24 serves to shuttle 
1.23 into solution whereupon decomposition under mild heating generates the active 
diazo compounds.  By coupling this reaction with that of a previously reported 
enantioselective epoxidation (via ylide 1.26b), 36  good to excellent yields of 
enantioenriched epoxides, 1.27, can be achieved for a variety of vinyl and aryl-
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(36) (a) Aggarwal, V. K.; Ford, J. G.; Fonquerna, S.; Adams, H.; Jones, R. V. H.; Fieldhouse, R. J. Am. 
Chem. Soc. 1998, 120, 8328. (b) "Catalytic Asymmetric Epoxidation of Aldehydes. Optimization, 
Mechanism, and Discovery of Stereoelectronic Control Involving a Combination of Anomeric and Cieplak 
Effects in Sulfur Ylide Epoxidations with Chiral 1,3-Oxathianes." Aggarwal, V. K.; Ford, J. G.; Thompson, 
A.; Jones, R. V. H.; Standen, M. C. H. J. Am. Chem. Soc. 1996, 118, 7004.  
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substituted tosylhydrazones without the need for isolation of the reactive diazo 
compounds. 
Scheme 1.9 
 
The in situ strategy was also adapted37 with imines in place of aldehydes or ketones, 
and products of aziridination are obtained in good yields and selectivities (Table 1.1). 
The utility of this method was demonstrated with an in situ protocol toward the synthesis 
of taxol side-chain 1.32 from imine 1.28 mediated by sulfide ent-1.26 (Scheme 1.10).38  
The synthesis of aziridine 1.30 allows rapid access to intermediate 1.31 which is then 
converted to the target amido ester 1.32 by standard conversions. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(37) (a) "Scope and Limitations in Sulfur Ylide Mediated Catalytic Asymmetric Aziridination of Imines: 
Use of Phenyldiazomethane, Diazoesters and Diazoacetamides." Aggarwal, V.; Ferrara, M.; O'Brien, C.; 
Thompson, A.; Jones, R.; Fieldhouse, R. J. Chem. Soc. Perkin Trans. 1 2001, 1635–1643. (b) "Application 
of Chiral Sulfides to Catalytic Asymmetric Aziridination and Cyclopropanation with in Situ Generation of 
the Diazo Compound." Aggarwal, V. K.; Alonso, E.; Fang, G.; Ferrara, M.; Hynd, G.; Porcelloni, M. 
Angew. Chem. Int. Ed. 2001, 40, 1433–1436. 
(38) "Asymmetric Sulfur Ylide Mediated Aziridination:  Application in the Synthesis of the Side Chain of 
Taxol." Aggarwal, V. K.; Vasse, J. Org. Lett. 2003, 5, 3987–3990. 
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Table 1.1 
 
Scheme 1.10 
 
 
By employing alkenes within the in situ diazo formation framework, functionalized 
cyclopropanes are produced in good yields and selectivities as well.37b, 39 The use of 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(39) (a) "Diastereoselective Synthesis of Cyclopropane Amino Acids Using Diazo Compounds Generated 
in Situ." Adams, L. A.; Aggarwal, V. K.; Bonnert, R. V.; Bressel, B.; Cox, R. J.; Shepherd, J.; de Vicente, 
J.; Walter, M.; Whittingham, W. G.; Winn, C. L. J. Org. Chem. 2003, 68, 9433–9440. (b) "Catalytic 
Cyclopropanation of Alkenes Using Diazo Compounds Generated in Situ. a Novel Route to 2-
Arylcyclopropylamines." Aggarwal, V.; de Vicente, J.; Bonnert, R. Org. Lett. 2001, 3, 2785–2788.  
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metal carbenes to effect cyclopropanation is now commonplace, and often stabilized 
diazo compounds are used as carbenoid precursors.  More rare, however, is the use of 
non-stabilized diazoalkanes due to their propensity to dimerize in the presence of metal 
catalysts.  The generation of small effective concentrations of diazoalkanes in situ proved 
to be one solution to this issue again with a sulfur ylide-mediated process.  Aggarwal and 
coworkers were able to synthesize a variety of biologically relevant cyclopropane amino 
acids such as 1.33, anti-Parkinson compound 1.34, and the natural product (±)-coronamic 
acid 1.35.   
Figure 1.3 
 
While the previous examples of in situ diazoalkane formation have dealt exclusively 
with carbene transfer reactions, the well known reaction of diazoalkanes and aldehydes 
has also been  explored.  Angle and coworkers investigated the in situ decomposition of 
tosylhydrazones in the presence of aldehydes allowing the protic medium to facilitate the 
homologation reaction (Table 1.2).40 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(40) "A Simple Method for the Synthesis of Substituted Benzylic Ketones:  Homologation of Aldehydes 
via the in Situ Generation of Aryldiazomethanes From Aromatic Aldehydes." Angle, S. R.; Neitzel, M. L. J. 
Org. Chem. 2000, 65, 6458–6461. 
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Table 1.2 
 
Entry Aldehyde Temp (ºC) Time Ketone Yield 
1 
 
55 48 
 
42 
2 
 
50 48 
 
88 
3 
 
50 48 
 
63 
4 
 
60 40 
 
81 
   
The Aggarwal group has also investigated the chain elongation reaction through 
isolation of the  tosylhydrazone sodium salt and the use of an optimized solvent system 
(Table 1.3).41  The modest yields of both systems demonstrate the shortcomings of 
diazoalkane reactions.  While some substrates give moderately good yields, others are 
plagued by the presence of byproducts or multiple homologation. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(41) "A Simple, User-Friendly Process for the Homologation of Aldehydes Using Tosylhydrazone Salts." 
Aggarwal, V. K.; de Vicente, J.; Pelotier, B.; Holmes, I. P.; Bonnert, R. V. Tetrahedron Lett. 2000, 41, 
10327–10331. 
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Table 1.3 
 
Entry Aldehyde Yield 
1 
 
52 
2 
 
38 
3 
 
39 
 
The majority of examples of Bamford-Stevens degradation in total synthesis involve 
the generation of alkenes by elimination of nitrogen such as in Trost’s synthesis of (–)-
isoclavukerin A (1.37a!1.37b, Scheme 1.11).42  
Scheme 1.11 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(42) "On the Diastereoselectivity of Intramolecular Pd-Catalyzed TMM Cycloadditions. an Asymmetric 
Synthesis of the Perhydroazulene (-)-Isoclavukerin A." Trost, B. M.; Higuchi, R. I. J. Am. Chem. Soc. 1996, 
118, 10094–10105. 
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The Che group employed phase-transfer strategy for diazoalkane generation in the 
presence of vinylphthalimide and ruthenium-porphyrin complex 1.39 toward their 
synthesis of the potent HIV-1 reverse transcriptase inhibitor 1.38 (Scheme 1.12).43 
Although side reactions with the sulfinic acid generated during the course of reaction can 
be problematic for certain substrates, Che’s method serves as an successful example of 
this new strategy.  Similar strategies by Aggarwal39b and Doyle44 toward 1.38 have also 
proven successful.  
Scheme 1.12 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(43) "Ruthenium(II) Porphyrin Catalyzed Cyclopropanation of Alkenes with Tosylhydrazones." Zhang, J.; 
Chan, P.; Che, C. Tetrahedron Lett. 2003, 44, 8733–8737. 
(44) "In Search of High Stereocontrol for the Construction of Cis-Disubstituted Cyclopropane Compounds. 
Total Synthesis of a Cyclopropane-Configured Urea-PETT Analogue That Is a HIV-1 Reverse 
Transcriptase Inhibitor." Hu, W.; Timmons, D. J.; Doyle, M. P. Org. Lett. 2002, 4, 901–904. 
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While diazo compounds are ordinarily thought of as reagents or reactive 
intermediates, they are sometimes the target of total synthesis.45  The kinamycins (1.39) 
and lomaiviticins (1.40) represent two such targets that have been pursued by several 
groups over the past decade (Figure 1.4).  
 
Figure 1.4 
 
In their strategy, the Nicolaou group combined advanced intermediate 1.42a and 
tosylhydrazide under mild conditions followed by mild oxidation with CAN to afford, 
after desilylation, kinamycin C (Scheme 1.13).46  Further manipulation of acetoxy groups 
allows flexible access to kinamycins F and J by this route.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(45) (a) "Diazo-Containing Molecular Constructs as Potential Anticancer Agents: From Diazo[B]Fluorene 
Natural Products to Photoactivatable Diazo-Oxochlorins." Köpke, T.; Zaleski, J. M. Anticancer Agents Med. 
Chem. 2008, 8, 292–304. (b) "Lomaiviticins a and B, Potent Antitumor Antibiotics From Micromonospora 
Lomaivitiensis." He, H.; Ding, W.-D.; Bernan, V. S.; Richardson, A. D.; Ireland, C. M.; Greenstein, M.; 
Ellestad, G. A.; Carter, G. T. J. Am. Chem. Soc. 2001, 123, 5362–5363. (c) "Diazo Group Electrophilicity 
in Kinamycins and Lomaiviticin A: Potential Insights Into the Molecular Mechanism of Antibacterial and 
Antitumor Activity." Laufer, R. S.; Dmitrienko, G. I. J. Am. Chem. Soc. 2002, 124, 1854–1855. 
(46) "Total Synthesis of Kinamycins C, F, and J." Nicolaou, K. C.; Li, H.; Nold, A. L.; Pappo, D.; Lenzen, 
A. J. Am. Chem. Soc. 2007, 129, 10356–10357. 
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Scheme 1.13 
 
1.2d  Dehydrogenation of hydrazones.  The dehydrogenation of hydrazones has 
become a standard route toward the synthesis and isolation of a broad array of 
functionalized diazoalkanes.  Hydrazones are easily obtained from simple starting 
materials 47  and numerous methods have been developed converting unsubstituted 
hydrazones to diazo compounds.  Historically heavy metal oxidants such as mercury 
oxide, silver(I) oxide, manganese dioxide, and lead tetraacetate were preferred methods.  
Recently, though, new oxidation methods have either improved upon these or sought to 
eliminate the need for toxic heavy-metal oxidants altogether.  Recently reported, 
important new methods will be highlighted in the following sections. 
Pb(OAc)4 oxidation of hydrazones. The introduction of an optimized protocol for 
Pb(OAc)4 oxidation of hydrazones by Shechter and coworkers28a has made previous 
heavy-metal oxidations obsolete. The use of Pb(IV) as an oxidant was well known for 
many functionalities,48 but its use as a method for diazoalkane synthesis received only 
passing attention owing to the propensity for the reaction byproducts and Pb(IV) itself to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(47)  (a) "Oxidation of Hydrazones with Iodine in the Presence of Base." Pross, A.; Sternhell, S. Aust. J. 
Chem. 1970, 23, 989–1003. (b) "A Novel Transformation of Oximes Into Hydrazones by Hydrazine 
Hydrate." Pasha, M.; Nanjundaswamy, H. Synth. Commun. 2004, 34, 3827–3831. 
(48) "Reactions of Hydrazones with Lead Tetraacetate in Organic Synthesis." Kotali, A. Curr. Org. Chem. 
2002, 6, 965–985. 
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react with the nascent diazoalkane product. The limited examples were comprised of 
highly stabilized products such as bis(trifluoromethyl)diazomethane (1.43), 49 a 
aryldiazoacetates (1.44),49b aryldiazoacetonitriles (1.45),49c 
tetrabromodiazocyclopentadiene (1.46),49d and dicyanodiazomethane (1.47).49e 
Figure 1.5 
 
 Shechter’s oxidation system28a (Figure 1.6) had to overcome the inherently acidic 
reaction conditions created by Pb(OAc)4 as well as Pb(II) byproducts, and the acetic acid 
generated during the course of oxidation.  To combat these factors, a solvent mixture 
containing DMF and 1,1,3,3-tetramethylguanidine (1. or chloroform and triethylamine 
was utilized.  The benefits of this mixture are twofold.  A large excess of base serves to 
quench any acetic acid that may decompose the nascent diazoalkane while also 
attenuating the Lewis acidity of Pb(OAc)4 and Pb(OAc)2 thus preventing deleterious 
interaction with the diazoalkane.  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(49) (a) "Perfluorodiazo Compounds." Gale, D.; Middleton, W. J.; Krespan, C.  J. Am. Chem. Soc. 1966, 
88, 3617–3623. (b) "" -Aryl and "-Cyanodiazoacetic Esters." Ciganek, E. J. Org.Chem. 1970, 35, 862–864. 
(c) Bernard, R. E. Synthesis and Chemistry of 3,3-Disubstituted Indazoles. Ph.D. Dissertation, The Ohio 
State University, Columbus, OH, 1967. (d) "Preparation and Photolytic Decomposition of 
Tetrabromodiazocyclopentadiene 3." McBee, E. T.; Sienkowski, K. J . J . Org. Chem. 1973, 38, 1340–1344. 
(e) "7,7-Dicyanonorcaradienes." Ciganek, E. J. Am. Chem. Soc. 1965, 87, 652– 653.  
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Figure 1.6 
 
 
 Perhaps most importantly, the choice of DMF as a reaction solvent allowed for 
extraction of relatively non-polar diazoalkanes from the reaction solution with a 
hydrophobic solvent such as pentane or pentane/ether mixtures.  These small but crucial 
improvements greatly augmented efficiency, substrate scope, and the purity of isolated 
diazoalkanes.  It should not be under-emphasized that the extraction technique allows for 
the isolation of product as a solution under cryogenic conditions to reduce the risk of 
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violent decomposition that were common under previous isolation techniques.50  While 
this method is capable of delivering solutions of diazoalkanes in good yields (Scheme 
1.14),51 it fails to address the issue of reaction scale and the environmental impact of 
heavy-metal reaction byproducts.   
Scheme 1.14 
 
Azidotris(diethylamino)phosphonium Bromide-Mediated Dehydrogenation of Lithium 
Hydrazinides.  Eliminating the need for heavy metal oxidants, Shechter and coworkers 
introduced a novel method for hydrazone oxidation via reaction of the lithium 
hydrazinides (1.49) and a phosphonium azide (Scheme 1.15).28b  The inherently basic 
reaction conditions obviate the need for exogenous base.  In this way, a simplified 
workup procedure can be undertaken and diazoalkanes are isolated as cold solutions after !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(50) (a) "Tosylhyrdrazone Salt Pyrolyses: Phenyldiazomethanes." Creary, X. Org. Synth. 1986, 64, 207. 
(b) "Ring  Enlargements. v. the  Preparation of 2-Arylcycloheptanones  and 2-Aryl-2-Cycloheptenones." 
Gutsche, C. D.; Jason, E. F. J. Am. Chem. Soc. 1956, 78, 1184–1187.  
(51) Yields presented in Scheme 3 were determined by manometric titration as described in ref. 12f. 
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ethylene glycol extraction. Allowing the solutions to sit over dry ice and subsequent 
filtration further removes any traces of phosphorimine byproduct (1.51).   Phosphonium 
salt 1.50 is readily available in three steps from commercially available starting materials 
(Scheme 1.16)52, making this method an attractive metal-free route to non-stabilized 
diazoalkanes.  
Scheme 1.15 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(52) "Azidotris(Diethylamino)Phosphonium Bromide: a Self-Catalyzing Diazo Transfer Reagent." 
McGuiness, M.; Shechter, H. Tetrahedron Lett. 1990, 31, 4987–4990. 
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Scheme 1.16 
 
 Oxidation by peracids and catalytic I2.  Barton and coworkers showed that treatment 
of keto-hydrazones with iodine in the presence of base yield vinyliodides, while 
aldohydrazones yield gem-diiodides.  Although the reaction of iodine and hydrazones is 
well precedented to yield geminal diiodides and vinyl iodides,49a,53  a practical, metal-free 
oxidation of hydrazones was reported by a process group at Glaxo Labs consisting of 
catalytic iodine in the presence of peracetic acids as the stoichiometric oxidant.54  As 
Table 1.4 shows, when iodine is used in catalytic quantities (ca. 0.01 mol %) in the 
presence of peracetic acid and TMG, good to excellent yields of diazoalkanes were 
obtained.  
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(53) "A New Reaction of Hydrazones." Barton, D. H. R.; O'Brien, R. E.; Sternhell, S. J. Chem. Soc. 1962, 
470–476.  
(54) (a) "Amino-Acids and Peptides .2. New Method for Preparing Diazodiphenylmethane and Related 
Compounds." Adamson, J.; Bywood, R.; Eastlick, D. T.; Gallagher, G.; Walker, D.; Wilson, E. M. J. Chem. 
Soc., Perkin Trans. 1 1975, 2030–2033. (b) Gallagher, G. U.S. Patent 4,083,837, April 11, 1978. (c) 
Eastlick, D. T. U.S. Patent 4,092,306, May 30, 1978. 
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Table 1.4 
 
(Difluoroiodo)benzene Oxidation of  N-(t-butyldimethylsilyl)hydrazones. The 
oxidation of hydrazones to diazoalkanes by hypervalent iodine species is precedented55 
but, historically, did not enjoyed a broad substrate scope.  Recently Myers and coworkers 
disclosed the use of silyl-protected hydrazones 56  coupled with oxidation by 
(difluoroiodo)benzene under relatively mild conditions (Scheme 1.17).28e  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(55) (a) "O-Iodoxybenzoic Acid (IBX) as a Viable Reagent in the Manipulation of Nitrogen- and Sulfur-
Containing Substrates: Scope, Generality, and Mechanism of IBX-Mediated Amine Oxidations and 
Dithiane Deprotections." Nicolaou, K. C.; Mathison, C. J. N.; Montagnon, T. J. Am. Chem. Soc. 2004, 126, 
5192–5201. (b) "Electrostatic Activation of Hypervalent Organo-Iodine Compounds - Bis(Onio)-
Substituted Aryliodine(III) Salts." Weiss, R.; Seubert, J. Angew. Chem. Int. Ed. Eng. 1994, 33, 891–893. 
(56) "Practical Procedures for the Preparation of N-Tert-Butyldimethylsilylhydrazones and Their Use in 
Modified Wolff-Kishner Reductions and in the Synthesis of Vinyl Halides and Gem-Dihalides." Furrow, M. 
E.; Myers, A. G. J. Am. Chem. Soc. 2004, 126, 5436–5445. 
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Scheme 1.17 
 
Although silyl-substituted hydrazones may be formed by the direct condensation with 
monosilylated hydrazine,57 reactions with sterically hindered or deactivated ketones fail 
to give good yields.  The Sc-catalyzed method for N-silylhydrazone preparation from bis-
silylhydrazine 1.52 (BTBSH) allows efficient access to the diazoalkane precursors for a 
variety of substrates.  While the requirement of vacuum distillation of 1.52a for 
purification precludes the use of low molecular weight starting materials, the procedure 
allows access to sterically deactivated hydrazones efficiently.  To effect oxidation and 
esterification, silylhydrazones are treated with iodine(III) reagent 1.53 in the presence of 
a carboxylic acid 1.55 and 2-chloropyridine, products of esterification are isolated in 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(57) (a) "Acyclische Und Cyclische Silylhydrazone Und Hydrazonylsilane." Knipping, K.; Drost, C.; 
Klingebiel, U.; Noltemeyer, M. Z. Anorg. Allg. Chem. 1996, 622, 1215–1221. (b) "Kondensationen von 
Silylhydrazinen und Estern zu Silylhydrazonen und Pyrazolnen." Witte-Abel, H.; Drost, C.; Klingebiel, U.; 
Noltemeyer, M. J. Organomet. Chem. 1999, 585, 341–347. (c) "Tert-Butyldiphenylsilylhydrazin–Ein 
Baustein Für Tetrakis-Silylhydrazine, Silylhydrazone Und O-Silylpyrazolone." Gellermann, E.; Klingebiel, 
U.; Schäfer, M. Z. Annorg. Allg. Chem. 2000, 626, 1131–1136. (d) "Unsymmetrical Azines via 
Triisopropylsilylhydrazine." Justo de Pomar, J. C.; Soderquist, J. A. Tetrahedron Lett. 2000, 41, 3285–
3289. 
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good to excellent yields without the need for handling of the potentially unstable 
diazoalkane intermediate.  Over the course of the reaction, levels of diazoalkane are kept 
at levels that are undetectable by NMR analysis.  The choice of 2-chloropyridine to 
facilitate the oxidation is also key for the success of this reaction as it leaves the reaction 
medium nearly neutral allowing for esterification in the second step.  The conditions are 
tolerant of even sensitive functionality such as that seen in 1.58 and 1.59, and without 
competitive O–H insertion of phenols as in 1.57. 
Oxidation of Hydrazones by “Activated” DMSO.  Chlorodiethylsulfonium chloride 
(Swern reagent) represents another metal-free alternative for hydrazone 
dehydrogenation.28c   The oxidant is formed in situ and added to a mixture of 
triethylamine and a hydrazone to effect oxidation. This simple procedure allows for the 
synthesis and isolation of many aryl-substituted diazomethanes in good to high yields 
(Scheme 1.18), but fails to achieve reliable results for the less stable alkyl-substituted 
substrates (1.64 and 1.65).  Like Schechter’s lithium hydrazinide method, the Swern 
oxidation allows for a simple filtration workup procedure and the opportunity to isolate 
diazoalkanes as solutions while maintaining the diazoalkane at cryogenic temperatures.  
The use of the appropriate solvent mixture is vital in order to strike a balance between 
solubility of hydrazone starting materials and the solubility of triethylamine 
hydrochloride (1.60).  Segregation of the diazoalkane and conjugate acid are key for 
maintaining high yields. 
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Scheme 1.18 
 
Examples in Total Synthesis.  Porco’s 2006 synthesis of (–)-kinamycin C (1.66) 
utilizes the Myers oxidation of a silyl-protected hydrazone under neutral conditions to 
effect the ultimate step of the total synthesis (Scheme 1.19).58  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(58) "Total Synthesis of the Diazobenzofluorene Antibiotic (-)-Kinamycin C1." Lei, X.; Porco, J. A. J. Am. 
Chem. Soc. 2006, 128, 14790–14791. 
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Scheme 1.19 
 
1.3. Synthesis of stabilized diazo compounds 
Stabilized diazo compounds (those bearing electron withdrawing groups) represent 
the most common form of diazo reagent in synthesis.  Their greater stability and 
decreased toxicity relative to alkyl and aryl diazo compounds have led many groups to 
examine ways in which to capitalize on the unique reactivity of the diazo function 
utilizing these substrates.  
1.3a Synthesis of !-Diazocarbonyls by Diazo Transfer Reactions. Numerous reagents 
have been developed for diazo transfer.  The commonplace of use of tosyl azide speaks to 
its ease of synthesis from readily available starting materials – this despite that fact that it 
exhibits an explosive power similar to TNT.59   The studies of Tuma and Bollinger at 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(59) "Diazotransfer Reagents." Bollinger, F. W.; Tuma, L. D. Synlett 1996, 407–413. 
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Merck59 demonstrate the shock sensitivity of these energetic reagents and point toward 
the need for reactive yet bench-stable diazo transfer reagents.  Figure 1.7 shows a relative 
stability scale of some of the more common sulfonyl azide diazo transfer reagents.  
Although p-docecylbenzenesulfonyl azide shows a low shock sensitivity, examples of its 
use in the literature are still rare. 60  Methanesulfonyl azide 61  and p-
acetamidobenzesulfonyl azide62 are just two examples of other commonly used sulfonyl 
azides for diazo transfer.  Imidazole-derived reagent 1.67 offers increased bench stability 
and ease of handling as a crystalline solid, and ease of synthesis from sodium azide and 
sulfuryl chloride. Azide 1.67 is capable of acting as a diazo transfer reagent to activated 
methylene compounds as well as to amines to yield azides (Scheme 1.20).63  Reactive 
azide 1.70 also serves to transfer a dinitrogen equivalent under only mildly basic 
conditions and is capable of yielding alkyl azides (1.71b and 1.72b) from amines.64  
Phosphorus-based reagents also serve as competent diazo transfer reagents.  
Diphenylphosphorazidate (1.73a) and phosphonium azide 1.73b are two examples. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(60) Example of docecylbenzenesulfonylazide in literature 
(61) "Mesyl Azide: a Superior Reagent for Diazo Transfer." Taber, D. F.; E, R. R.; Hennessy, M. J. J. Org. 
Chem. 1986, 51, 4077–4078. 
(62) (a) "Diazotransfer Reactions with P-Acetamidobenzenesulfonyl Azide." Baum, J. S.; Shook, D. A.; 
Davies, H. M. L.; Smith, H. D. Synth. Commun. 1987, 17, 1709–1716. (b) "Synthesis of Furans via 
Rhodium(II) Acetate- Catalyzed Reaction of Acetylenes with #- Diazocarbonyls: Ethyl 2-Methyl-5-
Phenyl-3- Furancarboxylate." Davies, H. M. L.; Cantrell, W. R., Jr; Romines, K. R.; Baum, J. S. Org. Synth. 
1992, 70, 93–99. 
(63) "An Efficient, Inexpensive, and Shelf-Stable Diazotransfer Reagent: Imidazole-1-Sulfonyl Azide 
Hydrochloride." Goddard-Borger, E. D.; Stick, R. V. Org. Lett. 2007, 9, 3797–3800. 
(64) "Trifluoromethanesulfonyl Azide. Its Reaction with Alkyl Amines to Form Alkyl Azides." Cavender, 
C. J.; Shiner, V. J. J. Org. Chem. 1972, 37, 3567–3569. 
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Figure 1.7 
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Scheme 1.20 
 
 
N S N3
OO
N
1.67 R NH2
CuSO4, K2CO3
MeOH
+ R N3
1.68
1.67
base
MeCN
+
EWG
EWG
EWG
EWG
N2
NaN3
1. SO2Cl2, MeCN
2. imid 1.67
Tf S N3
OO
NaN3
Tf2O, CH2Cl2
H2O 1.70
1.69
NH2
1.70
2,6-lutidine
1.71b
Me
t-Bu
Me
NH2
Me
CH2Cl2
N3Me 66% yield
1.71a
1.70
2,6-lutidine
CH2Cl2
1.72a
Me
t-Bu
Me
N3
1.72b
77% yield
Shiner, JOC, 1972
Goddard-Borger, OL, 2007
PhO P N3
O
PhO
1.73a
P N3
Et2N
Et2N
Et2N Br
1.73b
Chapter 1 
Page 34 
 
The first reported use of diazo transfer reagents occurred more than 100 years ago by 
Dimroth (Scheme 1.21),65 the reaction of diazo transfer reagents such as tosyl azides has 
grown to become standard route of preparation for stabilized diazo compounds such as "-
diazocarbonyls.  Early procedures were limited to substrates capable of deprotonation 
under the reaction conditions were suitable for reaction.  Newer strategies have sought to 
expand the scope by the transient addition of electron withdrawing groups to augment the 
acidity of the starting material.  The expansion of scope has been coupled to an increase 
in reagents that are capable of transferring the diazo function, allowing for easier 
purification of the diazo products and a decreased risk of violent decomposition of the 
azido reagents used. 
Scheme 1.21 
 
Growing from Dimroth’s initial results, Curtius and Klavehn reported66 the use of the 
now familiar reagent tosyl azide (1.75) as a diazo transfer reagent.  Reaction of 
dimethylmalonate (1.74) in the presence of 1.75 ultimately gives diazo malonic ester 
amide 1.76b after breakdown of the intermediate triazine 1.76a (Scheme 1.22).  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(65) "Über Intramolekulare Umlagerungen." Dimroth, O. Liebigs Ann. 1910, 373, 336–370. 
(66) "Über Die Einwirkung Von P-Toluolsulfonazid Auf Malonester Und Alkylierte Malonester." Curtius, 
T.; Klavehn, W. J. Prakt. Chem, 1926, 112, 65–87. 
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Scheme 1.22 
 
The reaction conditions later developed by Regitz and coworkers provided the most 
significant improvements of efficiency at the time.67  The Regitz protocol continued to 
rely on an activated C–H bond of sufficient acidity to be deprotonated under the mildly 
basic conditions.  While malonates and $-ketoesters meet this criterion in most 
instances,68 a substrate containing only one carbonyl was insufficient for reaction to 
proceed efficiently.  In order to overcome this, the method of “deacylative diazo transfer” 
was introduced by Regitz in 1967.67 Claisen condensation followed by diazo transfer 
allows for access  to a wide variety of diazoketones (1.78a–c) which were not readily 
available through previous methods (Scheme 1.23).  The presence of acyl groups of 
sufficiently differing reactivities allows for the selective deacylation.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(67) (a) "New Methods of Preparative Organic Chemistry. Transfer of Diazo Groups." Regitz, M. Angew. 
Chem. Int. Ed. Eng. 1967, 6, 733–751. (b) "Recent Synthetic Methods in Diazo Chemistry." Regitz, M. 
Synthesis 1972, 351–373. 
(68) Optimization of base and diazo transfer reagent can allow for diazotization of less reactive substrates. 
See (a) "The Asymmetric Synthesis of "-Amino Acids. Electrophilic Azidation of Chiral Imide Enolates, a 
Practical Approach to the Synthesis of (R)- and (S)-"-Azido Carboxylic Acids." Evans, D. A.; Britton, T. 
C.; Ellman, J. A.; Dorow, R. L. J. Am. Chem. Soc. 1990, 112, 4011–4030. (b) "A One-Step Synthesis of 
Cyclic Alpha-Diazoketones." Lombardo, L.; Mander, L. N. Synthesis 1980, 368–369. 
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Scheme 1.23 
  
An extension of the Regitz procedure was reported by Doyle in 1985.69  The use of 
trifluoromethyltrifluoroacetate (TFEA, 1.81) allows for access to base-sensitive 
compounds such as acyloxazolidinone derivative 1.78 (Scheme 1.24).   
Scheme 1.24 
 
Danheiser and coworkers further extended the substrate scope by evaluating the 
TFEA/diazo transfer strategy in the context of ",$-enones as substrates (Scheme 
1.25).70,71  Previous methods had failed to give reliable results due to the sensitivity of the !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(69) "Synthesis and Catalytic Reactions of Chiral N-(diazoacetyl) Oxazolidones." Doyle, M. P.; Dorow, R. 
L.; Terpstra, J. W.; Rodenhouse, R. A. J. Org. Chem. 1985, 50, 1663–1666. 
(70) "An Improved Method for the Synthesis of Alpha-Diazo Ketones." Danheiser, R. L.; Miller, R. F.; 
Brisbois, R. G.; Park, S. Z. J. Org. Chem. 1990, 55, 1959–1964. 
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",$-enones under the relatively harsh Claisen condensation step.  However, the use of a 
strong kinetic base (LiHMDS) and TFEA allows for smooth conversion of a variety of 
",$-enones to "’-diazo-",$-enones (1.83–1.86).   
Scheme 1.25 
 
 
Danheiser’s method also allows for regioselective diazo transfer through generation 
of the requisite kinetic enolate with high levels of selectivity (Scheme 1.26).70  In this 
way, linear ketone 1.87 is selectively deprotonated and trapped with 1.82 in modest yield 
but good selectivity. 
Scheme 1.26 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(71) "Detrifluoroacetylative Diazo Group Transfer: (E)-1-Diazo-4-Phenyl-3-Buten-2-One." Danheiser, R. 
L.; Miller, R. F.; Brisbois, R. G. Org. Synth. 1996, 73, 134–141. 
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Taber et al offered a unique approach through construction of the diazo compound 
from benzoylacetone (1.89, Scheme 1.27).72   From 1.89, alkylation to give 1.89a 
followed by diazo transfer yields a variety of highly substituted unsymmetrical 
diazoketones (1.90a–c).  
Scheme 1.27 
   
Esters are also smoothly converted to "-diazoesters (1.93) from "-benzoylated esters 
(1.92).  The mild synthesis of the benzoylesters by the procedure of Taber73 or Tanabe74 
further improved upon the deacetylative method with the use of the less expensive 
benzoyl chloride and TiCl4 (Scheme 1.28).   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(72) "A New Method for the Construction of #-Diazo Ketones." Taber, D. F.; Gleave, D. M.; Herr, R. J.; 
Moody, K.; Hennessy, M. J. J. Org. Chem. 1995, 60, 2283–2285.  
(73) "Simple Preparation of Alpha-Diazo Esters." Taber, D. F.; Sheth, R. B.; Joshi, P. V. J. Org. Chem. 
2005, 70, 2851–2854. 
(74) "TiCl4/Bu3N/(Catalytic TMSOTf): Efficient Agent for Direct Aldol Addition and Claisen 
Condensation." Yoshida, Y.; Hayashi, R.; Sumihara, H.; Tanabe, Y. Tetrahedron Lett. 1997, 38, 8727–
8730. 
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Scheme 1.28 
 
Other “Activated” Methylene Compounds.  Other activated compounds such as 
cyclopentadienyl lithium (1.94) react smoothly to give the corresponding diazo alkane 
(Scheme 1.29).75  The synthesis of trimethylsilyldiazomethane (TMSD, 1.96a) was first 
reported by Lappert76 by silylation of diazomethyl lithium.  Seyferth and coworkers 
published an improved procedure77 soon after by basic hydrolysis of the requisite 
nitrosourea.  Barton and Hoekman were the first to report the use of a diazo transfer 
strategy for the synthesis of 1.96a by reacting Grignard reagent 1.94 with 1.95.78  Shioiri 
later published an optimized procedure with phosphorazidate 1.95 or 1.73a as the diazo 
transfer reagent (Scheme 1.30).79 By varying the silyl group, Shioiri’s method allows 
access to other diazomethanes in good yield (1.96a–e). 
Scheme 1.29 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(75) "Diazocyclopentadiene." von E Doering, W.; DePuy, C. H. J. Am. Chem. Soc. 1953, 75, 5955–5958. 
(76) "Organometallic Diazoalkanes." Lappert, M. F.; Lorberth, J. Chem. Commun. 1967, 836–837. 
(77) "Trimethylsilyldiazomethane and Trimethylsilylcarbene." Seyferth, D.; Dow, A. W.; Menzel, H.; 
Flood, T. C. J. Am. Chem. Soc. 1968, 90, 1080–1082. 
(78) "Convenient Synthesis of Trimethylsilyldiazomethane - a Silene Generator." Barton, T. J.; Hoekman, 
S. K. Synth. React. Inorg. Metal–Org. Chem. 1979, 9, 297–300. 
(79) "Trimethylsilyldiazomethane." Shioiri, T.; Aoyama, T.; Mori, S. Org. Synth. 1990, 68, 1–4. 
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Scheme 1.30 
 
Synthesis of Diazoalkanes from Triazines.  The synthesis of diazo compounds by the 
decomposition of triazenes is a far less common approach.  Baumgarten first reported the 
conversion of aryl-substituted triazenes (1.98) to acyl diazo compounds (1.99) under 
acidic conditions (Scheme 1.31).80 
Scheme 1.31 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(80) "Preparation of Ethyl Diazoacetate via a Triazene Intermediate." Baumgarten, R. J. J. Org. Chem. 
1967, 32, 484–485. 
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  Base-mediated cleavage of resin-bound aryl triazenes has also been shown to furnish 
diazo acetic esters.81 While neither of these methods has been widely utilized, a novel 
phosphine-mediated azide degradation has recently been published.28f The finely-tuned 
reaction allows for the conversion of "-azido acetates, amides, and ketones (1.100) to 
acyl diazo compounds 1.104 without competing Staudinger ligation (!1.101) or 
Staudinger reaction (!1.102, Scheme 1.32).   
Scheme 1.32 
 
Early studies varying the nature of the acylating agent underline the importance of 
leaving group ability (Table 1.5).  Optimized phosphine 1.106 gives a variety of acyl 
diazoalkanes (1.05a–c) in a good yields (Scheme 1.33). !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(81) "Polymer-Bound Diazonium Salts for the Synthesis of Diazoacetic Esters." Schroen, M.; Brase, S. 
Tetrahedron 2005, 61, 12186–12192. 
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Table 1.5 
   
Raines further probed the scope of the method by extending the method to “semi-
stabilized” diazo compounds such as 1.105d and 1.105e.  9-Diazofluorene was 
synthesized in good yield and greater than 96% purity by NMR after purification on basic 
alumina.  For 1.105d, conditions were modified and run anhydrous with triethylamine as 
base.  Anthraquinone derived diazomethane 1.105e was also synthesized in good yield 
under the standard conditions. 
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Scheme 1.33 
 
Examples in Total Synthesis.  The synthesis of diazo diazoacetates, diazoketones, and 
the use of compounds such as the Seyferth-Gilbert reagent and metallocarbenes are 
commonplace in complex total synthesis.6a,6c,6d  But it is the synthesis of a medicinally 
relevant natural product such as the kinamycins (1.40) and lomaiviticins (1.41) that 
represent a more rare use of this technology and could help to uncover a unique 
biological role of the diazo function.   
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While Porco and Nicolaou chose hydrazone precursors (vide supra), Herzon and 
coworkers accomplished diazotization by the reactive diazo transfer reagent (1.70).82  
Reaction of 1.108 with under mildly basic conditions afforded diazofluorene 1.109 
(Scheme 1.34).  The synthesis is completed by deprotection to yield kinamycin F (1.110). 
Scheme 1.34 
 
Herzon’s repeated his strategy during the course of the synthesis of anti-tumor 
antibiotic  (–)-lomaiviticin aglycon (1.111).82b   The installation of the diazo function at an 
earlyier stage sets this synthesis apart from those of the kinamycins.  After synthesis of 
1.112 in 1:1 dr, three more steps are needed complete the synthesis of 1.113.  As the 
author noted, these three steps proved to be a “formidable challenge.”   !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(82) (a) "Development of a Convergent Entry to the Diazofluorene Antitumor Antibiotics: 
Enantioselective Synthesis of Kinamycin F." Woo, C. M.; Lu, L.; Gholap, S. L.; Smith, D. R.; Herzon, S. B. 
J. Am. Chem. Soc. 2010, 132, 2540–2541. (b) "11-Step Enantioselective Synthesis of (–)-Lomaiviticin 
Aglycon." Herzon, S. B.; Lu, L.; Woo, C. M.; Gholap, S. L. J. Am. Chem. Soc. 2011, 133, 7260–7263. 
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 While no unified synthetic approach to diazoalkanes can furnish all manner of 
substituted diazo compounds, the multiple methods and reagents discussed above allow 
the synthetic chemist access to a rich inventory of potential diazo reagents.  Increased 
access to these unique compounds will not only serve to popularize known methods of 
their use, but also spur interest in developing new reactions. 
1.4.  Reactions of !-Acyl diazoalkanes and Aldehydes (The Roskamp Reaction) 
 Diazoalkanes were shown to react with the carbonyl functionality not long after their 
discovery by Buchner and Curtius,83 Staudinger,84 and Schlotterbeck3 (Scheme 1.35). 
These early studies begin to show the potential utility of this reaction, although later 
studies would call into question generality of this early method and suggested the !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(83) "Synthese Von Ketonsäureäthern Aus Aldehyden Und Diazoessigäther." Buchner, E.; Curtius, T. 
Berichte 1885, 18, 2371–2377. 
(84) "Diphenylendiazomethan." Staudinger, H.; Gaule, A. Berichte 1916, 49, 1951–1960. 
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synthesis of dioxolane byproducts 1.114a and 1.114b (Scheme 1.36).85  Diazo reagents 
from different ends of the reactivity spectrum react with carbonyl functionality to give 
formal C–H or C–C bond insertion products.  
Scheme 1.35 
 
     
 
     
 
     
 
 
Scheme 1.36 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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While the pioneers of diazoalkane chemistry relied on hydrogen bonding to effect 
homologation reactions, Lewis acids were quickly identified as advantageous promoters 
owing to the greatly augmented reaction rates. Building off of the foundation of 
hydroxylic activation, two groups independently published works utilizing stronger 
Lewis acids to catalyze one carbon homologation with diazomethane.86,87  Müller and 
coworkers examined a variety of Lewis acids and showed that halogen salts of Al, Zn, Ti, 
and Zr are effective promoters of ring expansion in addition to AlEt3 and AlBu3 (Table 
1.6).  Boron trifluoride was able to deliver products of one carbon homologation in 
moderate yields at greatly accelerated rates compared to previous methods.  While these 
methods allowed for reaction with previously unreactive starting materials, the efficiency 
continued to suffer due to over homologation and competitive decomposition of 
diazomethane.25 Optimized methods for reaction of diazoalkanes and ketones still relied 
on hydroxylic activation.88 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(86) "The Reaction of Ketones with Diazomethane." House, H. O.; Grubbs, E. J.; Gannon, W. F. J. Am. 
Chem. Soc. 1960, 82, 4099–4106. 
(87) "Katalysierte Homologisierung Cycloaliphatischer Ketone Mit Diazomethan." Müller, E.; Bauer, M.; 
Rundel, W. Tetrahedron Lett. 1960, 1, 30–33. 
(88) "2-Phenylcycloheptanone." Gutsche, C. D.; Johnson, H. E. Org. Synth. 1955, 35, 91–94. 
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Table 1.6 
 
Entry Catalyst equiv 
CH2N2 
Yield (%) 
C9 C10 C11 
1 AlCl3 1.4 40 20 – 
2 AlBr3 1.2 49 11 – 
3 AlEt3 2.0 15 40 25 
4 AlBu3 2.2 20 45 24 
5 TiCl4 1.0 10 – – 
6 ZrCl4 2.4 30 44 10 
 
This early work laid the foundation for discoveries in the latter half of the twentieth 
century. The reaction of diazo compounds with the carbonyl function can be separated 
into two broad categories: (1) those involving stabilized diazo nucleophiles such as EDA 
and (2) reactions of non-stabilized diazoalkanes and ketones and aldehydes. Below, each 
will be discussed from a historical context as the reactions were improved iteratively, 
finally arriving at the present with a discussion of the state of the art in diazoalkane-
mediated ketone homologation. 
Although the reaction of diazo esters and aldehydes had been known, the direct 
synthesis of $-ketoesters could not be considered a general method and often led to 
byproducts such as dioxolanes (Scheme 1.36).  Not until 1989, when Roskamp and 
O
N2H
H
+
catalyst
n
O
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Holmquist published the Sn(II)-catalyzed addition of EDA to aldehydes, was the direct 
conversion of aldehydes to $-ketoesters accomplished (Scheme 1.37).89   
Scheme 1.37 
 
The lack of reactivity toward hindered and deactivated substrates was addressed by 
Nomura and coworkers.90  In a survey of different Lewis acids and reaction partners with 
diazoacetate 1.117, it was found that both Zr(IV) and Ti(IV) were effective promoters for 
reactions that were low yielding even when excess Sn(II) was employed.  Both Zr (IV) 
and Ti(IV) required excess 1.117 due to promoter-induced decomposition (Table 1.7).   
Table 1.7 
 
Entry Aldehyde catalyst/promoter 
(equiv) 
Equiv 
1.117 
T (ºC) h Yield (%) 
1 1.116a ScCl2 (0.2) 1.2 rt 10 29 
2 1.116a TiCl4 (1.0) 3.0 0 0.5 75 
3 1.116a ZrCl4 (1.0) 3.0 0 0.5 73 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(89) "A Selective Method for the Direct Conversion of Aldehydes Into %-Keto Esters with Ethyl 
Diazoacetate Catalyzed by Tin(II) Chloride." Holmquist, C. R.; Roskamp, E. J. J. Org. Chem. 1989, 54, 
3258–3260. 
(90) "Synthesis of &-Unsubstituted #-Acyl-%-Tetronic Acids From Aldehydes." Nomura, K.; Iida, T.; 
Hori, K.; Yoshii, E. J. Org. Chem. 1994, 59, 488–490. 
R H
O
N2 OEt
O
10 mol %
SnCl2
CH2Cl2 R
O
OEt
O
Ph
O
OEt
O
86%
1.115a
t-Bu
O
OEt
O
65%
1.115b
O
O
OEt
OO
35%
1.115c
N2
O
O
OMe
OR H
O
+
catalyst/
promotor O
O
OMe
O
R
O
1.117
Chapter 1 
Page 50 
 
4 1.116b SnCl2 (1.0) 1.5 rt 19 38 
5 1.116b TiCl4 (1.0) 3.0 0 0.5 79 
6 1.116b ZrCl4•(THF)2 (1.0) 3.0 0 0.5 84 
  
The increased reactivity allowed for the smooth transformation of sterically hindered 
aldehyde 1.118 to $-ketoester 1.119 (Scheme 1.38).91  Further elaboration of the pendant 
ester gave the target, tetronasin (1.120), in good yield. 
Scheme 1.38 
 
The previous reactions have facilitated the synthesis of $-ketoesters derived from the 
net C–H bond migration, but products of C–C bond migration can also be obtained.  
Hossain and coworkers reported the use of iron Lewis acid 1.121 to effect reaction of 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(91) "The First Total Synthesis of Tetronasin (M139603)." Hori, K.; Kazuno, H.; Nomura, K.; Yoshii, E. 
Tetrahedron Lett. 1993, 43, 2183–2186. 
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aromatic aldehydes and EDA (Scheme 1.39) yielding enol esters 1.122a and $-ketoesters 
1.122b.92   
Scheme 1.39 
 
Kanemasa and coworkers also published a system to reverse the previously reported 
trends in regiochemistry (Table 1.8).93  The combination of TMSCl/ZnCl2 or TMSOTf 
allows for selective formation of enol esters in most cases (entries 1–4).  The authors 
postulate that the use of a non-chelating Lewis acid allows for migration of aryl 
substituents preferentially in contrast to a prototypical Roskamp reaction (Scheme 1.40). 
Table 1.8 
 
Entry R Yield(%) 
1.124 
Yield(%) 
1.125 
1 Ph 67 23 
2 p-OMeC6H4 70 0 
3 p-NO2C6H4 0 27 
4 2-furyl 51 0 
5 t-Bu 0 0 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(92) "Iron Lewis Acid Catalyzed Reactions of Aromatic Aldehydes with Ethyl Diazoacetate: 
Unprecedented Formation of 3-Hydroxy-2-Arylacrylic Acid Ethyl Esters by a Unique 1,2-Aryl Shift." 
Mahmood, S. J.; Hossain, M. J. Org. Chem. 1998, 63, 3333–3336. 
(93) "Lewis Acid-Catalyzed Reactions of Ethyl Diazoacetate with Aldehydes. Synthesis of #-Formyl 
Esters by a Sequence of Aldol Reaction and 1, 2-Nucleophilic Rearrangement." Kanemasa, S.; Kanai, T.; 
Araki, T.; Wada, E. Tetrahedron Lett. 1999, 40, 5055–5058. 
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Scheme 1.40 
 
The Maruoka group utilized a chiral diazo ester as a means to synthesize chiral 
aldoesters in a stereoselective fashion.94  After the identification of TfOH as an optimal 
catalyst and (–)-phenyl-menthyl phenyldiazoacetate as the optimal diazo reagent, the 
reaction proceeds in high yield and selectivities for aryl- and ",$-unsaturated aldehydes95 
(Table 1.9).   
Table 1.9 
 
Entry R1 Ar Yield(%) de(%) 
1 3-tolyl Ph 67 >95 
2 4-MeOC6H4 Ph 42 89 
3 
 
Ph 89 87 
4 Ph 3-MeOC6H4 72 >95 
5 Ph 4-ClC6H4 73 >95 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(94) "Brønsted Acid-Catalyzed Insertion of Aryldiazoacetates to Sp2 Carbon-CHO Bond: Facile 
Construction of Chiral All-Carbon Quaternary Center." Hashimoto, T.; Naganawa, Y.; Maruoka, K. J. Am. 
Chem. Soc. 2008, 130, 2434–2435. 
(95) For an example of reversal of chemoselectivity based on catalyst choice, see: "Construction of 
Stereodefined 1,1,2,2-Tetrasubstituted Cyclopropanes by Acid Catalyzed Reaction of Aryldiazoacetates 
and Alpha-Substituted Acroleins." Hashimoto, T.; Naganawa, Y.; Kano, T.; Maruoka, K. Chem. Commun. 
2007, 5143–5145. 
O
SnO
OEt
HR Cl
ClH
N2
O
SnO
OEt
HR Cl
ClH
N2
R
OH
OEt
O
R1 H
O CO2XcAr
N2
+
20 mol % TfOH
PhMe, –78 ºC
R1
Ar CO2Xc
H
O
Xc =
Me
PhMeMe
Me
Me
Chapter 1 
Page 53 
 
Maruoka and coworkers devised a strategy toward the synthesis of "-alkyl-$-keto 
imides that begins with (–)-camphorsultam-derived diazo compound 1.126 (Table 
1.10).96   Under BF3•Et2O catalysis imides 1.127a–e were obtained in good yields and 
excellent selectivities.  Further elaboration was possible by diastereoselective allylation 
and either basic or reductive cleavage of the chiral auxiliary (1.127f!1.128, Scheme 
1.41). 
Table 1.10 
 
Entry R Yield (%)  dr 
1 2-tolyl 78 1.127a >20:1 
2 2-Np 75 1.127b >20:1 
3 4-ClC6H4 75 1.127c >20:1 
4 Cy 74 1.127d >20:1 
5a 
 
70 1.127e >20:1 
1Performed with 100 mol % BF3•OEt2. 
 
Scheme 1.41 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(96) "Stereoselective Synthesis of "-Alkyl-$-Keto Imides via Asymmetric Redox C'C Bond Formation 
Between #-Alkyl-#-Diazocarbonyl Compounds and Aldehydes." Hashimoto, T.; Miyamoto, H.; 
Naganawa, Y.; Maruoka, K. J. Am. Chem. Soc. 2009, 131, 11280–11281. 
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While the previous examples have relied on chiral auxiliaries, the Feng group 
recently reported a Sc(III)-catalyzed catalytic enantioselective Roskamp reaction utilizing 
ligand 1.129 (Table 1.11).97  While substitution of the aryl aldehyde is well tolerated, 
substrate scope of R2 is limited in this first report.  Furthermore, erosion of enantiopurity 
occurs during purification owing to the acidity of the "-proton of the $-keto ester.  These 
issues aside, the method represents an important first step in the development of a 
catalytic, enantioselective Roskamp reaction. 
Table 1.11 
 
 
Entry R1, R2 R3  ee (%)a Yield (%)b 
1 Et, Bn Ph 1.130a 95(77) 97 
2 Bn, Bn Ph b 96(66) 99 
3 Me, Bn 2-Np c 98(84) 90 
4 Bn, allyl Ph d 94(40) 96 
a Values in parentheses represent eroded optical purity after 
purification.  b Isolated yields 
      
 
The Roskamp reaction and its newer stereoselective variants allow for the installation 
of a synthetically valuable substituted or unsubstituted carbonyl function. Attempted use 
in total synthesis led to improved promoters90 The 2007 synthesis of (+)-himgaline by 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(97) "Catalytic Asymmetric Roskamp Reaction of Alpha-Alkyl-Alpha-Diazoesters with Aromatic 
Aldehydes: Highly Enantioselective Synthesis of Alpha-Alkyl-Beta-Keto Esters." Li, W.; Wang, J.; Hu, X.; 
Shen, K.; Wang, W.; Chu, Y.; Lin, L.; Liu, X.; Feng, X. J. Am. Chem. Soc. 2010, 132, 8532–8533. 
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Evans and coworkers98 beautifully demonstrates the use of this method in the context of 
complex natural product synthesis.  Advanced intermediate 1.131 is treated with allyl 
diazoacetate 1.132 under Roskamp conditions furnishing tetracycle 1.133 after Michael 
addition (Scheme 1.42). 
Scheme 1.42 
 
 
Marshall and Eidam also demonstrate how the Roskamp protocol can be used in the 
synthesis of complex molecules during their formal synthesis of callipeltoside A.  The 
union of 1.135 and EDA under Sn(II) catalysis gave ester 1.136 in good yield (Scheme 
1.43).99 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(98) "Total Synthesis of (+)-Galbulimima Alkaloid 13 and (+)-Himgaline." Evans, D. A.; Adams, D. J. J. 
Am. Chem. Soc. 2007, 129, 1048–1049. 
(99) "A Formal Synthesis of the Callipeltoside Aglycone." Marshall, J. A.; Eidam, P. M. Org. Lett. 2008, 
10, 93–96. 
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Scheme 1.43 
 
 
1.5. Reaction of !-Acyl Diazo Compounds and Ketones.  
The analogous addition of stabilized diazoalkanes to ketones offers a highly 
advantageous tool for the synthetic chemist.  The ease of synthesis of these diazo 
reagents relative to their non-stabilized counterparts coupled with the synthetically useful 
$-ketoester product make this an attractive method.  It may be surprising, then, that 
although EDA was discovered almost a century earlier, no practical methods for ring 
expansion or chain elongation of ketones were known.  Preliminary work by Gutsche100 
and Kharasch101 had showed that reaction conditions generating metalocarbenes reacted 
by addition of the oxygen atom of ketones yielding complex mixtures of products 
dominated by enol ethers 1.137a,b (Scheme 1.44).   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(100) "Reactions of Ethyl Diazoacetate with Aromatic Compounds Containing Hetero Atoms Attached to 
the Benzyl Carbon." Gutsche, C. D.; Hillman, M. J. Am. Chem. Soc. 1954, 76, 2236–2240. 
(101) "Reactions of Diazoacetates and Diazoketones. I. Reaction of Ethyl Diazoacetate with Cyclohexanone 
and with Acetone." Kharasch, M. S.; Rudy, T.; Nudenberg, W.; Büchi, G. J. Org. Chem. 1953, 18, 1030–
1044. 
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Scheme 1.44 
 
Tai and Warnhoff later reported the BF3-promoted addition of diazoacetic esters and 
ketones.102  This first report displays the characteristic attributes of the use of such a 
strong Lewis acid – reaction rates are very rapid, but efficiency suffers due to 
decomposition of the diazo compound.  Mock and Hartman later published a significant 
improvement with the novel use of triethyloxonium tetrafluoroborate (1.139) as an 
effective promoter of carbon insertion by diazoacetic esters (Table 1.12).103    
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(102) "$-Keto Esters From Reaction of Ethyl Diazoacetate with Ketones." Tai, W. T.; Warnhoff, E. W. Can. 
J. Chem. 42, 1964, 1333–1340. 
(103) "New %-Keto Ester Synthesis. Triethyloxonium Ion Catalyzed Homologation of Ketones with 
Diazoacetic Esters." Mock, W. L.; Hartman, M. E. J. Am. Chem. Soc. 1970, 92, 5767–5768. 
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Table 1.12 
 
Entry Ketone Yield(%) Migragory 
Ratio 
1 
 
78 90:10 
2 
 
78 – 
3 
 
96 62:38 
4 
 
10 2:98 
5 
 
10 95:5 
 
Scheme 1.45 
 
The authors extended the method by demonstrating an in situ reaction of "-
diazoketone 1.141 (!1.142, Scheme 1.45).  Further expansion of the substrate scope in a 
later publication104 shows that the method is general for non-hindered ketones and 
cycloalkanones.  Substitution of the diazo function is also possible yielding ring-
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(104) "Synthetic Scope of the Triethyloxonium Ion Catalyzed Homologation of Ketones with Diazoacetic 
Esters." Mock, W. L.; Hartman, M. E. J. Org. Chem. 1977, 42, 459–465. 
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expanded ketones .  Interestingly, reaction of diazo ketone 1.143e and cyclohexanone 
failed (Table 1.13) even though reaction of this type had been shown to be successful 
previously intramolecularly.   
Table 1.13 
 
Entry R Equiv 
1.139 
 Yield(%) 
1 CN 1.7 1.144a 58 
2 CF3 3.0 b 85 
3 
 
4.0 c 65 
4 
 
3.0 d 46 
5 
 
1.7 e 0 
 
The mechanism and selectivity of diazoacetate insertion reactions was also explored 
by Mock and Hartman (Scheme 1.46).105  Empirical kinetic data showed the rate-
determining step to be activation (1.145a!1.145b) which was then followed by rapid 
trap with ethyl diazo acetate to give  1.146.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(105) "Mechanism of Triethyloxonium Ion Catalyzed Homologation of Ketones with Diazoacetic Esters." 
Mock, W. L.; Hartman, M. E. J. Org. Chem. 1977, 42, 466–472. 
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Scheme 1.46 
 
No significant electronic effect was shown for the migratory aptitudes of substituted 
acetophenones, and steric modifications of 2-substituted cyclohexanones proved 
uninformative insofar as there is very little perturbation of regioselectivity in 2-substitued 
cyclohexanones.  However, when this is combined with a small screen performed on the 
relative bulk of the diazo reagents (1.143a-d and EDA, Table 1.14), the authors put forth 
a simplified rationale for the product distribution based upon minimization of gauche 
interactions in the diazonium intermediate’s reactive conformation (Scheme 1.47).  The 
reactive conformation of intermediate 1.150  is reinforced by non-bonding interactions 
between diazoalkane substituents and the starting material.  The linear geometry of the 
cyano group makes 1.114a nearly symmetrical as it approaches the electrophile.  This 
effect could account for the minimal selectivity seen in entry 1.  By contrast, the much 
larger esters and trifluoromethyl group provide solid steric differentiation during 
nucleophilic attack and/or the rearrangement step.  Similar studies were performed on the 
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reactions of EDA and cyclobutanones,106 cyclohexanones,107 or caged diones108 with 
BF3•OEt2 as the promoter.   
Table 1.14 
 
Entry R  Yield(%) α-Me:β-Me 
1 CN 1.144a 89 53:47 
2 CF3 b 87 78:22 
3 
 
c 0 – 
4 
 
d 92 88:12 
5 
 
1.1 96 85:15 
 
Scheme 1.47 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(106) "A New Approach to Synthesis of Hydrindanonecarboxylates." Liu, H. J.; Ogino, T. Tetrahedron Lett. 
1973, 14, 4937–4940. 
(107) "On the Regioselectivity of Boron Trifluoride Catalyzed Ring Expansion of Cycloalkanones with 
Ethyl Diazoacetate." Liu, H. J.; Majumdar, S. P. Synth. Commun. 1975, 5, 125–130. 
(108) "Lewis Acid-Promoted Reactions of Substituted Pentacyclo [5.4.0.02,6.03,10.05, 9] Undecane-8,11-
Diones with Ethyl Diazoacetate." Marchand, A. P.; Annapurna, P.; Reddy, S. P.; Watson, W. H.; Nagl, A. J. 
Org. Chem. 1989, 54, 187–193. 
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While the previously mentioned reports focused on the steric bias within the 
regiochemical-determining step, Dave and Warnhoff showed that halogen substitution 
can be employed as means of directing rearrangement. 109   When various cyclic 
"-haloketones were exposed to EDA and BF3•OEt2, only products of migration of the 
unhalogenated methylene were seen (1.152a–e, Table 1.15).  
Table 1.15 
 
Entry Reactant Producta  Yield(%) Normal 
Ratiob 
1 
  
1.152a 69 62:38 
2 
  
b 98 90:10 
3 
  
c 63 46:54 
4 
  
d 57 46:54 
5 
  
e 75 46:54 
a After reductive removal of the halide by reaction with Zn, HOAc.  b Reaction 
with non-halogentated starting materal. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(109) "Regiospecific Homologation of Unsymmetrical Ketones." Dave, V.; Warnhoff, E. W. J. Org. Chem. 
1983, 48, 2590–2598. 
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In order to further probe the electronic character of this rearrangement, the reaction of 
2-acetoxycyclohexanone was examined.  When compared to the known result for Baeyer-
Villager oxidation, it becomes apparent that the sterics must also play a large role.  
Analysis of the potential conformations A–D shows that B and D lead to a minimization 
of steric interaction while minimizing separation of charge (Figure 1.8).110 
Scheme 1.48 
 
Figure 1.8 
 
Recent reports from the Maruoka group show that the stereoselective addition of 
stabilized diazo nucleophiles to cycloalkanones continues to advance.  A logical starting 
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(110) Reproduced from ref. 110. 
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point is the ring expansion of six to seven membered rings111 owing to the prevalence of 
seven-membered ring frameworks in biologically active compounds and the myriad paths 
for 6-membered ring construction available to the synthetic chemist.  Maruoka began by 
analyzing the stereochemical outcome of reaction of 4-substituted cyclohexanones and 
diazoacetates under BF3•OEt2 catalysis (Figure 1.9).112  Similar to what was shown in 
work by Mock and Hartmann, minimization of non-bonding interactions and charge 
separation coupled with ring conformation analysis are highlighted as factors contributing 
to stereoselectivity.  Initial equatorial attack gives access to rotamers 1.153a or 1.153b. 
Preferential C–C bond migration through 1.153a leads to the observed stereochemical 
outcome. To further probe this analysis, silyl ether 1.154a was examined under identical 
conditions.  The preference for 4-siloxy and alkoxy groups to occupy the axial position of 
cylcohexanones113 gave the expected stereochemistry and bolstered the conclusions from 
the initial analysis.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(111) "Expansion to Seven-Membered Rings." Kantorowski, E. J.; Kurth, M. J. Tetrahedron 2000, 56, 
4317–4353. 
(112) "Stereoselective Construction of Seven-Membered Rings with an All-Carbon Quaternary Center by 
Direct Tiffeneau-Demjanov-Type Ring Expansion." Hashimoto, T.; Naganawa, Y.; Maruoka, K. J. Am. 
Chem. Soc. 2009, 131, 6614–6617. 
(113) (a) "Axial Preference of Bulky Group- and Electron Withdrawing Group-Substituted Oxygen Atom 
on the Chair-Type -Cyclohexanone, -Glutaric Anhydride, and -Glutarimide." Nagao, Y.; Goto, M.; Ochiai, 
M.; Shiro, M. Chem. Lett. 1990, 19, 1503. (b) "Electrostatic Effects on the Reactions of Cyclohexanone 
Oxocarbenium Ions." Baghdasarian, G.; Woerpel, K. A. J. Org. Chem. 2006, 71, 6851. 
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Figure 1.9 
 
Scheme 1.49 
 
When a chiral auxiliary is used, the high levels of diastereoselection are transferred to 
the final product enabling the facile synthesis of all-carbon quaternary centers (1.154b–e, 
Scheme 1.50). 
Scheme 1.50 
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Maruoka and coworkers also introduced the enantioselective catalyst 1.157 capable of 
producing desymmetrization products of substituted cyclohexanones (Scheme 1.51).114  
With a variety of diazoacetates and substitution patterns on cyclohexanone, a diverse 
compound set is created in good selectivities and yields.   
Scheme 1.51 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(114) "Desymmetrizing Asymmetric Ring Expansion of Cyclohexanones with #-Diazoacetates Catalyzed 
by Chiral Aluminum Lewis Acid." Hashimoto, T.; Naganawa, Y.; Maruoka, K. J. Am. Chem. Soc. 2011, 
133, 8834–8837. 
O CO2Xc
Bn
1.154b
89%
>20:1 dr
O CO2Xc
Bn
t-Bu
1.154c
82%
>20:1:1:1 dr
O CO2Xc
Bn
TMSO Me
1.154d
68%
>20:1:1:1 dr
O CO2Xc
Bn
Me
Me
1.154e
94%
14:1:<1:<1
CO2Me
N2
R1
O
R3 R2
+
20 mol % 1.157
40 mol % AlMe3
1.155
1.156
PhMe, –78 ºC
48 h
O
R1
CO2Me
R3 R2
1.158
OH
OH
TMS
TMS
1.157
O CO2Me
Bn
H
R2
: 77%, 88% ee
 : 75%, 93% ee
: 63%, 90% ee
: 94%, 91% ee
1.158a  
b
c
d
Me
i--Pr
t-Bu 
Ph
R2 =
O CO2Me
R1
H
Ph
1.158e 
f
g
R1 = : 94%, 91% ee
 : 80%, 90% ee
: 52%, 66% ee
4-MeOC5H4CH2
4-BrC6H4CH2
i-Bu
Chapter 1 
Page 67 
 
With diazoacetates, the reaction can function as an indirect methylene insertion with 
high enantiocontrol (1.159!1.162, Scheme 1.52) in what the author deems a “traceless” 
desymmetrization.  Homologation with diazoacetate 1.160 followed by decarboxylation 
yields the  
Scheme 1.52 
 
1.6. Reaction of Ketones and Non-Stabilized Diazoalkanes.   
The synthetic utility of a method that serves to both elongate a chain or enlarge a ring 
while simultaneously substituting a carbonyl at the alpha position is undeniable.  
Syntheses of diazo reagents has improved steadily, but technology capable of utilizing 
them for ketone homologation to same extent as the stabilized analogs has lagged behind.  
Even now, as several groups have recently published promising methods in an attempt to 
make this reaction more general and user-friendly, examples appear in the literature that 
remind the reader how far we have yet to go. 
The recent report of total synthesis of rippertenol by Snyder20 illustrates the need for 
more active yet functional group-tolerant catalysts115 for use in the setting of a complex 
total synthesis (Scheme 1.53).  For the conversion of 1.163 to 1.165, stoichiometric 
quantities of BF3•OEt2 were needed to effect the one carbon homologation only a 21% !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(115) For a discussion of reaction conditions screened and observations, see refs 23 and 24 of the original 
report: Snyder, S. A.; Wespe, D. A.; von Hof, J. M. J. Am. Chem. Soc. 2011, 133, 8850–8853. 
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isolated yield.  As Snyder reports, increased amounts of TMSD resulted in over-
homologation to cyclooctanone  due to competitive reaction with the less-hindered 
ketone 1.165 and a lack of silylenol ether formation. The optimized reaction protocol 
allowed for the recovery of starting material (71% yield brsm) and the potential for 
recycling of this valuable material. 
Scheme 1.53 
 
Despite the challenges that remain, much progress has been made in the past two 
decades toward a general and efficient protocol for ketone homologation with 
diazoalkanes.  Recent work beginning in the mid-1990’s will be surveyed below.  For 
more historical context see the reviews cited earlier in this work.2,6 
An early example of the use of TMSD (1.164) for ring expansion was reported by 
Shioiri22a with BF3•OEt2 promotion (Scheme 1.54).  Although overall yields were low, 
the use of TMSD in place of diazomethane achieved greater efficiency. 
The study of single-carbon ring expansion has received much more attention than 
linear ketone homologation owing to its applications to total synthesis.  Ring expansion 
of cycloalkanones been limited by the same problems as other diazoalkane mediated 
homologations: over-homologation and a lack of an effective catalyst that is active but 
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tolerant of the sensitive diazo function.  The use of 1.164 by Shioiri allowed for vast 
improvements in reaction efficiency (Scheme 1.54).22a  
Scheme 1.54 
 
Yamamoto’s application of the methyl aluminum diolate catalysts MAD (1.169) or 
DAD (1.170) for ketone homologation marked the next large step forward for ketone 
homologation with diazoalkanes in terms of reaction efficiency and the predictability of 
regiochemistry.23b,116 A survey of catalysts for the reaction diazoethane and ketone 1.167 
shows the significant difference between aluminum based promoters and a traditional 
promoter for homologation reactions such as BF3•OEt2 (Table 1.16). The efficient single 
homologation of cylcopentanone (1.171) by diazoalkanes 1.172a–c further illustrates the 
utility of this system.  Although 1.171 is unreactive in the presence of MeOH/Et2O, only 
single homologation is seen when 1.170 or Me3Al is used (Table 1.17). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(116) "Organoaluminum-Promoted Homologation of Ketones with Diazolalkanes." Yamamoto, H.; 
Maruoka, K.; Concepcion, A. B. J. Org. Chem. 1994, 59, 4725–4726. 
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Table 1.16 
 
 
O
t-Bu
Me
N2+ AlR3
O
t-Bu
Me
O
t-Bu
Me
+ +
t-Bu
O
20% EtOH/Et2O
Me3Al, CH2Cl2
i-Bu3Al, CH2Cl2
DAD, CH2Cl2
MAD, CH2Cl2
91 
81 
85 
84 
87
Conditions Yield (%) Ratio 1.168a : b : c
1.167 1.168a 1.168b 1.168c
Me
(43 : 43 : 14)
(54 : 32 : 14)
(67 : 20 : 13)
(80 : 10 : 10)
(94 :   3 :   3)
Entry
1
2
3
4
5
OMeAl Me 2
t-Bu
t-Bu
(MAD)
OMe2Al Me
t-Bu
t-Bu
(DAD)
aReactions were run with 1.1–1.5 equiv of diazoethane at –78 ºC with 
the exception of entry 1 which was run at 0 ºC. bIsolated yields cThe 
ratio was determined by GLC analysis.
1.169 1.170
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Table 1.17 
 
Entry Diazoalkane Promoter Yield(%) Ratio 1.173 
a : b : c 
1 
 
Me3Al 51 100:0:0 
2 
 
1.170 56 100:0:0 
3 
 
Me3Al 60 98:1:1 
4 
 
Me3Al 88 100:0:0 
 
The synthesis of "-quaternary centers – particularly in an enantioselective fashion117 – 
is an invaluable tool for the synthetic organic chemist.  Catalytic ring expansion offers a 
unique strategy as it allows for the installation of the valuable quaternary center while 
simultaneously yielding a higher homolog of the starting material. The use of Sc(III) salts 
has proved to be a tremendous improvement for the ring expansion of cyclic ketones with 
a variety of aryl diazomethanes (1.174a–g, Scheme 1.55).118   Unlike the aluminum- and 
LiBr-based systems, Sc(III) allowed for the use of catalytic amounts of Lewis acid while 
still achieving reaction in synthetically viable reaction times.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(117) (a) "The Catalytic Enantioselective Construction of Molecules with Quaternary Carbon 
Stereocenters." Corey, E. J.; Guzman-Perez, A. Angew. Chem. Int. Ed. 1998, 37, 388–401. (b) "Catalytic 
Enantioselective Construction of All-Carbon Quaternary Stereocenters." Trost, B. M.; Jiang, C. Synthesis 
2006, 369–396. (c) "Catalytic Asymmetric Synthesis of All-Carbon Quaternary Stereocenters." Douglas, C. 
J.; Overman, L. E. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5363–5367. 
(118) "Catalytic Homologation of Cycloalkanones with Substituted Diazomethanes. Mild and Efficient 
Single-Step Access to "-Tertiary and "-Quaternary Carbonyl Compounds." Moebius, D. C.; Kingsbury, J. 
S. J. Am. Chem. Soc. 2009, 131, 878–879. 
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Scheme 1.55 
 
Use of Sc(III) enabled steric and electronic tuning of the catalyst allowing for a 
broader substrate scope of alkyl substituted diazo nucleophiles to be used without the 
need for large excesses (Table 1.18).  While Sc(OTf)3 proved to be an optimal catalyst 
for most aryl-substituted diazomethanes, the sterically and electronically modified 
Sc(acac)3 (1.178a) and Sc(tmhd)3 (1.178b) perform best for more basic diazoalkanes 
such as 1.176a–d. Vinyl substituted diazoalkanes such as 1.179 also react smoothly to 
give high yields of insertion products such as spirocycle 1.180 (Scheme 1.56). Like many 
other diazoalkane insertion reactions,24b Sc(III)-catalyzed homologation proceeds very 
rapidly furnishing products in less than fifteen minutes many reactions.  The near-
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1 equiv.
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instantaneous disappearance of the telltale color of the diazo reagent functions a visual 
gauge of reaction conversion. 
Table 1.18 
 
Entry Ketone Diazoalkane Equiv Insertion Product Yield(%) 
1 
 
 
2.2 
 
78 
1.175a 1.176a 1.177a 
2 
 
 
2.2 
 
60 
1.175b 1.176b 1.177b 
3 
 
 
2.0 
 
86 
1.175c 1.176c 1.177c 
4 
 
 
2.0 
 
91 
1.175d 1.176d 1.177d 
 
Scheme 1.56 
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The use of Sc(III) salts for catalysis also allows for the facile introduction of chiral 
ligands97,119 for an enantioselective ketone homologation. A survey of oxazoline-based 
ligands showed promising results for the homologation of 1.181 to 1.182 with 
phenyldiazomethane.120  Optimal ligand L1.1 delivers homologated products bearing 
differently substituted aryl groups in good to excellent selectivities and yields.  
Interestingly, the catalyst system is most selective for the homologation of 
cycloheptanone to substituted cyclooctanones allowing facile and selective access to 
medium rings in an enantioselective fashion (Table 1.19).  It is of note that good 
enantioselectivities are seen even for the relatively acidic "-tertiary ketones such as 
1.184c.  Resubjection of isolated products to the Sc(III)-ligand complex return only 
desired product without any erosion of enantiopurity. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(119) (a) "“Asymmetric” Catalysis by Lanthanide Complexes." Mikami, K.; Terada, M.; Matsuzawa, H. 
Angew. Chem. Int. Ed. 2002, 41, 3554–71, 3512. (b) "Chiral Lanthanide Complexes: Coordination 
Chemistry and Applications." Aspinall, H. C. Chem. Rev. 2002, 102, 1807–1850. (c) "Lanthanide 
Complexes in Multifunctional Asymmetric Catalysis." Shibasaki, M.; Yoshikawa, N. Chem. Rev. 2002, 102, 
2187–2210. (d) "Asymmetric Catalysis and Amplification with Chiral Lanthanide Complexes." Inanaga, J.; 
Furuno, H.; Hayano, T. Chem. Rev. 2002, 102, 2211–2226. (e) "Rare-Earth Metal Triflates in Organic 
Synthesis." Kobayashi, S.; Sugiura, M.; Kitagawa, H.; Lam, W. Chem. Rev. 2002, 102, 2227–2302. 
(120) "An Enantioselective Synthesis of 2-Aryl Cycloalkanones by Sc-Catalyzed Carbon Insertion." 
Rendina, V. L.; Moebius, D. C.; Kingsbury, J. S. Org. Lett. 2011, 13, 2004–2007. 
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Scheme 1.57 
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Table 1.19 
 
Entry Ketone Nucleophile Product Yield(%) er 
1 
 
 
 
96 94:6 
  1.183a G = p-Me 1.184a  G = p-Me   
2 
 
 
 
>98 98.5:1.5 
  1.183a G = p-Me  1.184b  G = p-Me   
3  b G = p-CF3 c G = p-CF3 78 98:2 
4  c G = o-Me d G = o-Me 97 93.5:6.5 
5 
 
 
 
98 93:7 
  1.183d G = H 1.184e G = H   
 
The stereochemical path of the reaction was studied by first analyzing the 
stereochemical outcome of the reaction of 1.185!1.186 (Scheme 1.58).  Based upon the 
anti relationship in 1.186, the stereochemical model could be postulated to derive from 
axial attack of diazoalkane with the aryl group positioned away from the ligand.  The 
chiral betaine intermediate then collapses expelling N2 and delivering homologated 
product 1.187. 
O
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Scheme 1.58 
 
 
The extension of Sc(III)-catalyzed methylene insertion to unsymmetrical ketones 
proved fruitful as well.  The inconsistent and empirically derived migratory aptitudes for 
diazo insertion reactions2 had historically diminished the effectiveness of this strategy for 
use in synthesis.  Catalytic homologations of unsymmetrical cyclic ketones with TMSD 
by Sc(III) shows a high degree a regio- and diastereocontrol over a range of substitution 
of a cyclobutanone core (Table 1.20).121  In addition, under these mild conditions, the 
enol silane product can be easily accessed and isolated for further use. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(121) "Catalytic and Regioselective Ring Expansion of Arylcyclobutanones with 
Trimethylsilyldiazomethane. Ligand-Dependent Entry to Beta-Ketosilane or Enolsilane Adducts." 
Dabrowski, J. A.; Moebius, D. C.; Wommack, A. J.; Kornahrens, A. F.; Kingsbury, J. S. Org. Lett. 2010, 
12, 3598–3601. 
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Table 1.20 
 
Entry Cyclobutanone Major Product regioisomeric ratio Conv(%) Yield(%) 
1 
  
9:1 >98 85 
 1.187a G = H 1.188a G = H    
2 b G = OMe b G = OMe 8:1 >98 83 
3 c G = CF3 c G = CF3 4:1 >98 73 
4 
  
7:1 >98 76 
5 1.187d G = H 1.188d G = H    
6 e G = OMe e G = OMe 10:1 78 78 
7 
  
9:1 98 60 
 1.187g 1.188g    
 
Closer analysis of the reaction progress in real-time by ReactIR spectroscopy 
confirmed the initial synthesis of a short-lived $-ketosilane species (1.190a) followed by 
gradual silyl transfer to enolsilane 1.190b (Scheme 1.59).  In order to prevent Sc(III)-
O
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catalyzed122 1,3-Brook rearrangement, the less Lewis acidic Sc(III) salts Sc(acac)3, 
Sc(tmhd)3, and Sc(hfac)3 were screened.  While Sc(acac)3 and Sc(tmhd)3 were ineffective 
as catalysts for the reaction, Sc(hfac)3 delivered 1.190a in good yield with good regio- 
and diastereocontrol.   
Scheme 1.59 
  
Scheme 1.60 
 
The more chemically-enabling diazo reagent 1.191, allows access to carbosilane 
1.190a which can be converted to diol 1.192 in a stereocontrolled fashion through a four 
step sequence (Scheme 1.61). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(122) Though Sc(OTf)3 catalyzes the 1,3-silyl transfer, the presence of TMSD is necessary to isolate enol 
silane.  This suggests that the Lewis basic carbon of TMSD acts as a shuttle for the trimethylsilyl cation: 
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Scheme 1.61 
 
While truly efficient ring expansion with substituted nucleophiles has only recently 
been achieved, the use of TMSD as a source of methylene insertion has been used in 
complex total synthesis. Mori’s synthesis of polyether 1.193b toward hemibrevetoxin B 
utilized a key ring expansion of 1.193a (Scheme 1.62).123  After further elaboration, 
another homologation was undertaken to install the final oxepane ring in a similar fashion.  
Further elaboration completed the formal synthesis through intermediate 1.193c. 
Scheme 1.62 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(123) "Oxiranyl Anions in Organic Synthesis: Application to the Synthesis of Hemibrevetoxin B." Mori, Y.; 
Yaegashi, K.; Furukawa, H. J. Am. Chem. Soc. 1997, 119, 4557–4558. 
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Smalley utilized a ring expansion strategy124 toward the antiviral compound TAK-779 
(1.195, Scheme 1.63). The retrosynthetic strategy sought to shorten the over synthetic 
plan from previously reported process route125 while simultaneously minimizing the need 
for toxic reagents.  Ring expansion of tetralone 1.194a proceeded with excellent 
regioselectivity under BF3 promotion to yield the 6,7-fused ring system 1.194b.  Further 
elaboration yielded target compound 1.195 and shortened the overall synthesis from 
twelve to eight steps. 
Scheme 1.63 
 
1.4d Reaction of Aldehydes and Non-Stabilized Diazoalkanes. One of the first 
reactions of diazomethane was the net C–H bond insertion delivering methyl ketones in 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(124) "A Ring Expansion Strategy in Antiviral Synthesis: a Novel Approach to TAK-779." Smalley, T. L., 
Jr. Synth. Commun. 2004, 34, 1973–1980. 
(125) (a) "Development of a New Synthetic Route of a Non-Peptide CCR5 Antagonist, TAK-779, for 
Large-Scale Preparation." Ikemoto, T.; Ito, T.; Hashimoto, H.; Kawarasaki, T.; Nishiguchi, A.; Mitsudera, 
H.; Wakimasu, M.; Tomimatsu, K. Org. Process Res. Dev. 2000, 4, 520–525. (b) "Discovery of Novel, 
Potent, and Selective Small-Molecule CCR5 Antagonists as Anti-HIV-1 Agents:  Synthesis and Biological 
Evaluation of Anilide Derivatives with a Quaternary Ammonium Moiety." Shiraishi, M.; Aramaki, Y.; Seto, 
M.; Imoto, H.; Nishikawa, Y.; Kanzaki, N.; Okamoto, M.; Sawada, H.; Nishimura, O.; Baba, M.; Fujino, M. 
J. Med. Chem. 2000, 43, 2049–2063. (c) "A Small-Molecule, Nonpeptide CCR5 Antagonist with Highly 
Potent and Selective Anti-HIV-1 Activity." Baba, M.; Nishimura, O.; Kanzaki, N.; Okamoto, M.; Sawada, 
H.; Iizawa, Y.; Shiraishi, M.; Aramaki, Y.; Okonogi, K.; Ogawa, Y.; Meguro, K.; Fujino, M. Proc. Natl. 
Acad. Sci. U.S.A. 1999, 96, 5698–5703. 
Me O TMSD, 
BF3•OEt2
CH2Cl2, 0 ºC
47%
Me
O
Me O
N
H
N
H
O
1.195
1.194b1.194a
Chapter 1 
Page 82 
 
an atom-economical single step.  Since then, many other diazo nucleophiles have been 
paired with aldehydes (vide supra), some with catalysis and stereoinduction through 
chiral auxiliaries.94,96 Even though examples of the use of diazoalkanes in the conversion 
aldehydes to ketones in one step have been reported,2 the overall lack of selectivity for 
the homologation product meant that this method was not often used. 
As in ketone homologation, Lewis acid promotion yielded greater reactivity and 
enabled the conversion of both aromatic and aliphatic aldehydes.  The use of lithium 
bromide as an effective Lewis-acid promoter was introduced by Anselme and coworkers 
for the homologation of aromatic aldehydes with phenyldiazomethane (Table 1.21) is one 
such example.24  Non-$-branched alkyl-substituted aldehydes are also smoothly 
converted to the benzyl ketone, though more hindered aldehydes (entry 6) yielded little or 
no desired product.  More polar aldehydes also failed to react do to unfavorable solubility 
effects from Li ion complexation. 
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Table 1.21 
 
Entry Aldehyde Product Yield 
1 
 
 G = H  
92 
2  G = 4-Me  G = 4-Me 84 
3  G = 2-Me  G = 2-Me 87 
4  G = 4-NO2  G = 4-NO2 100 
5 
  
100 
6 
  
0 
 
 Both Angle40 and Aggarwal41 have reported in situ procedures based upon the 
dual role of alcohol or water for solvent and hydroxylic promoter of the homologation 
reaction with phenyldiazomethane with limited success.  Hossain and coworkers also 
reported catalysis of aldehyde homologation utilizing an Fe(III) catalyst (1.121, Scheme 
1.64),126 although these reaction were limited in utility due to competitive epoxide 
formation. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(126) "Iron Lewis Acid Catalyzed Reactions of Phenyldiazomethane with Aromatic Aldehydes." Mahmood, 
S. J.; Saha, A. K.; Hossain, M. M. Tetrahedron 1998, 54, 349–358. 
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Scheme 1.64 
 
Although hydroxylic activation of aromatic aldehydes is of little preparative value,127 
it inspired Shioiri to further study the homologation of aliphatic aldehydes under Lewis 
acid activation.  When aliphatic aldehydes (1.196a–e) are treated with TMSD in the 
presence of MgBr2, methyl ketones are produced in good yields (Table 1.22).23  The use 
of TMSD allows for controlled homologation without the pitfalls of handling 
diazomethane, and only products of single homologation are seen likely due to the 
intermediacy of ketosilane 1.197. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(127) "New Methods and Reagents in Organic Synthesis. 11 Reaction of Trimethylsilyldiazomethane with 
Aromatic Aldehydes." Hashimoto, N.; Aoyama, T.; Shioiri, T. Heterocycles 1981, 15, 975–979. 
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Table 1.22 
  Entry Aldehyde Yield(%) 
1 
 
1.196a 73 
2 
 
1.196b 89 
3 
 
1.196c 72 
4 
 
1.196d 67 
5 
 
1.196e 74 
 
The application of Sc(III) catalysts to aldehyde homologation has allowed for the 
expansion of scope of both nucleophiles and electrophiles.128  Sc(OTf)3 enables the 
highly efficient conversion of both aliphatic and aromatic aldehydes (Table 1.23), and 
hindered electrophiles (entries 4 and 5) give desired ketones in high yield.  The mild 
nature of the reaction is exemplified by the conversion of geranyldiazoalkane  1.199 
without stereomutation or isomerization of C5–C6 alkene in 1.200.  In all but one case 
(1.201!1.202) no evidence of competing aryl migration is seen. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(128) "Diverse Alkanones by Catalytic Carbon Insertion Into the Formyl C-H Bond. Concise Access to the 
Natural Precursor of Achyrofuran." Wommack, A. J.; Moebius, D. C.; Travis, A. L.; Kingsbury, J. S. Org. 
Lett. 2009, 11, 3202–3205. 
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Table 1.23 
 
Entry Aldehyde Nucleophile Product Yield 
1 
  
 
98 
2 
  
 
84 
3 
  
 
90 
4 
   
63 
5 
 
  
88 
6 
 
 
 
25(55)a 
a Yield of cinnamylbenzylketone is represented in parantheses. 
 
A cursory study of the mechanism was undertaken in order to better understand the 
nature of the rearrangement step.  Three potential pathways for breakdown of the betaine 
intermediate were explored: (path a) concerted hydride migration and extrusion of N2; 
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(path b) E2 elimination of N2 followed by intermolecular tautomerization; and (path c) 
epoxide formation by attack of oxygen and elimination of N2 (Scheme 1.65).   
Scheme 1.65 
 
In order to exclude path a stilbene oxides were subjected to the reaction conditions.  
Lewis acid catalyzed epoxide rearrangement of stilbene oxide is known to give 
diphenylacetaldehyde as the major product, and indeed it was isolated after subjection 
either stilbene isomer to the conditions of ketone homologation.   
Path b was examined with a crossover experiment of isotopically labeled 
benzaldehydes 1.203a and 1.203b.  Reaction of 1.203a and 1.203b with diazoalkene 
1.204 could result in four products 1.205a–d (Scheme 1.66).  Upon reaction and 
examination of isolated products, only 1.205a and 1.205b were seen by high resolution 
mass spectroscopy.  If this mechanism proved to be general, the concerted rearrangement 
of the betaine intermediate would allow for the enantioselective construction of tertiary 
centers from aldehydes and disubstituted diazoalkanes.   
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Scheme 1.66 
 
1.7. Conclusions 
The continued interest in diazoalkane research is a testament to the synthetic utility of 
these reagents.  As chemists have developed safer and more efficient paths for the 
synthesis of diazoalkanes, novel chemistry has appeared seeking to take advantage of the 
ambiphilic nature of the diazo function.  While diazoalkanes already enjoy a strong 
foothold as precursors for metal carbene complexes and as reagents for 1,3-dipolar 
cycloadditions, only recently have groups begun to harness these reagents for 
enantioselective synthesis.  Future work will undoubtedly add to the ever-growing 
synthetic chemistry toolbox by discovering new ways in which to control the reactivity 
and selectivity of these reagents. 
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Chapter 2  
Development of Sc(III)–Catalyzed Homologation of Ketones 
with Substituted Diazomethanes 
 
2.1 Introduction 
At the outset of my graduate career I had the extreme fortune to be one of two 
founding members of the Kingsbury research group.  Importantly to me, this meant that I 
was afforded the opportunity to build a project from the ground up as well as experience 
a sense of true ownership over the many discoveries that will be disclosed in the 
following pages. 
Scheme 2.1 
 
 One of the original programs begun in the Kingsbury laboratory concerned the 
homologation of ketones and aldehydes with diazoalkanes (Scheme 2.1).  The 
homologation of carbonyls has its roots firmly planted in the history of organic chemistry 
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and dates back more than 100 years.1,2  The ambiphilic nature of the diazo functional 
group was immediately recognized by those who discovered it – able to react as an 
electrophile in acidic medium, or able to react as a nucleophile in basic or neutral 
medium – a result of the donor/acceptor carbon atom of the 1,3–dipole (2.1, Scheme 2.1). 
The merger of 2.1 and 2.2 – activated by a proton donor or Lewis acid –  gives the 
transient betaine intermediate (2.4) that, upon breakdown, yields a new ketone (2.3) with 
two new C–C bonds in one step.  Even though this presented myriad opportunities for 
method development, the growth of chemistry surrounding diazoalkanes and their 
intriguing reactivity has been relatively slow.  Inefficient synthetic methods for the diazo 
function made practical use of compounds such as diazomethane1d (2.6) difficult, and 
more substituted diazoalkanes such as diphenyldiazomethane3 (2.7) required tedious 
preparation with toxic heavy metals such as yellow mercury oxide,4 and they are 
notoriously unstable 5  and toxic, 6  further hindering their widespread application by 
synthetic community.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(1) (a) "Ueber Die Einwirkung Von Salpetriger Säure Auf Salzsauren Glycocolläther." Curtius, T. 
Berichte 1883, 16, 2230–2231. (b) "Synthese Von Ketonsäureäthern Aus Aldehyden Und Diazoessigäther." 
Buchner, E.; Curtius, T. Berichte 1885, 18, 2371–2377. (c) "Ueber Diazoessigsäure Und Ihre Derivate." 
Curtius, T. J. Prakt. Chem. 1888, 38, 396–440. (d) "Ueber Diazomethan." Pechmann, H. v. Berichte 1894, 
27, 1888–1889. 
(2) "The Reaction of Diazomethane and Its Derivatives with Aldehydes and Ketones." Gutsche, C. D. 
Org. React. 1954, 8, 364–403. 
(3) "Diphenylendiazomethan." Staudinger, H.; Gaule, A. Berichte 1916, 49, 1951–1960. 
(4) "Diphenyldiazomethane." Smith, L. I.; Howard, K. L. Org. Synth. 1944, 24, 53–55. 
(5) "Development of a Continuous Process for the Industrial Generation of Diazomethane." Proctor, L. 
Org. Process Res. Dev. 2002, 6, 884–892. 
(6) Many have noted the explosive nature of diazoalkanes – particularly in the gas phase: (a) "Ring  
Enlargements. v. the  Preparation of 2–Arylcycloheptanones  and 2–Aryl–2–Cycloheptenones." Gutsche, C. 
D.; Jason, E. F. J. Am. Chem. Soc. 1956, 78, 1184–1187. (b) "The Preparation and Reactions of 
Diazomethane." Black, T. H. Aldrichimica Acta 1983, 16, 3–10. 
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Until 1994, the state of the art of ring expansion with diazodiazoalkanes utilized 
either hydroxylic solvents or BF3•OEt2  as promoters.  Shortcomings of these protocols 
included a lack of control of the reaction (i.e. over–homologation for unhindered 
ketones), rapid decomposition of the diazoalkane in the presence of BF3•OEt2, or a lack 
of reactivity for hindered ketones when hydroxylic activation is used.  The work of 
Yamamoto and coworkers established that diazo insertion reactions can be high yielding, 
efficient, and selective for ring expansion products (Scheme 2.2). 7   Unlike those 
promoted in the traditional fashion by hydroxylic solvents (entry 1), the bulky Al–based 
promoters used by Yamamoto furnish ketones as the major products in good yields when 
used in stoichiometric amounts.  Use of a bulky, yet highly Lewis acidic metal complex, 
effectively activates the carbonyl without deleterious interaction with the diazoalkane.  
However, this strong binding of electrophile and activator has the unintended 
consequence of preventing turnover of the promoter, and thus no catalytic activity is 
seen. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(7) (a) "Organoaluminum–Promoted Homologation of Ketones with Diazolalkanes." Yamamoto, H.; 
Maruoka, K.; Concepcion, A. B. J. Org. Chem. 1994, 59, 4725–4726. (b) "Selective Homologation of 
Ketones and Aldehydes with Diazoalkanes Promoted by Organoaluminum Reagents." Yamamoto, H.; 
Maruoka, K.; Concepcion, A. B. Synthesis 1994, 1283–1290. 
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Scheme 2.2 
 
 Although Al–based activation represented a marked improvement in many areas of 
ketone homologation, the lack of catalysis coupled with a very small diazo substrate 
scope meant that opportunities for use in more complex settings were limited. With these 
data in mind, and inspired by vast potential uses for ring–expansion, we began a program 
to find a catalytic and highly tolerant method for ketone homologation with diazoalkanes.  
As a starting point, the synthesis of diazoalkanes was explored in order to find the 
most efficient and effective method for the synthesis of a diverse set of nucleophiles.  As 
mentioned in Chapter 1, many different synthetic methods exist, and each exhibits 
idiosyncrasies and pitfalls.  The identification of a set of methods that could be reliably 
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used for the synthesis of diazo compounds was crucial to making any new method 
appealing to the synthetic chemist.   
2.2 Studies in Optimization of Diazoalkane Synthesis 
 Three key publications guided our initial studies of diazoalkane synthesis.  In 2004, 
Myers and coworkers reported an esterification protocol that uses silyl–protected 
hydrazone intermediates (Scheme 2.3).8,9  Myers’s method offers the attractive features 
of broad substrate scope for formation of the requisite silyl–hydrazone (2.12)8b and in situ 
generation of diazoalkanes (2.15).9c  What was unclear at the outset, though, was the 
viability of such a method to produce isolable quantities of diazoalkanes needed for 
initial experiments.  Complicating matters would be the stoichiometric (although inert) 
byproduct 2.14 that would be carried through all further transformations after isolation of 
the diazoalkane solution.  In order to deal with the byproduct 2.12a generated during the 
initial hydrazone synthesis step, Myers and coworkers devised a protocol by which gentle 
heating could remove 2.12a under low pressure (~0.05 torr).  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(8) "Unsymmetrical Azines via Triisopropylsilylhydrazine." Soderquist, J. A.; Pomar, J. C. J. D. 
Tetrahedron Lett. 2000, 41, 3285–3289. 
(9) (a) "A General Procedure for the Esterification of Carboxylic Acids with Diazoalkanes Generated in 
Situ by the Oxidation of N–tert–butyldimethylsilylhydrazones with (difluoroiodo)benzene." Furrow, M. E.; 
Myers, A. G. J. Am. Chem. Soc. 2004, 126, 12222–12223. (b) "Practical Procedures for the Preparation of 
N–tert–butyldimethylsilylhydrazones and Their Use in Modified Wolff–Kishner Reductions and in the 
Synthesis of Vinyl Halides and gem–Dihalides." Furrow, M. E.; Myers, A. G. J. Am. Chem. Soc. 2004, 126, 
5436–5445. (c)  No diazoalkanes were detected when the reaction course was followed by 1H NMR. 
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Scheme 2.3 
 
The second publication that served as inspiration was the work of Harold Shechter 
(Scheme 2.4).10  While the use of Pb(IV) acetate was known to convert hydrazones to 
diazoalkanes,11 few examples were documented owing to the deleterious interactions of 
Pb(IV), Pb(II), and HOAc with the nascent product.  Not until Shechter’s 1995 
publication was a viable system disclosed that could effectively produce large quantities 
of diazoalkanes bearing a diversity of functionality upon Pb(IV) oxidation (2.19–2.22). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(10) "Advantageous Syntheses of Diazo Compounds by Oxidation of Hydrazones with Lead Tetraacetate 
in Basic Environment." Shechter, H.; Holton, T. L. J. Org. Chem. 1995, 60, 4725–4729. 
(11) (a) "Reactions of Hydrazones with Lead Tetraacetate in Organic Synthesis." Kotali, A. Curr. Org. 
Chem. 2002, 6, 965–985. (b) "Perfluorodiazo Compounds." Gale, D.; Middleton, W. J.; Krespan, C. J. Am. 
Chem. Soc. 1966, 88, 3617–3623. (c) "!–Aryl and !–Cyanodiazoacetic Esters." Ciganek, E. J. Org. Chem. 
1970, 35, 862–864. (d) Bernard, R. E. Synthesis and Chemistry of 3,3–Disubstituted Indazoles. Ph.D. 
Dissertation, The Ohio State University, Columbus, OH, 1967. (e) "Preparation and Photolytic 
Decomposition of tetrabromodiazocyclopentadiene " McBee, E. T.; Sienkowski, K. J. J. Org. Chem. 1973, 
38, 1340–1344. (f) "7,7–Dicyanonorcaradienes." Ciganek, E. J. Am. Chem. Soc. 1965, 87, 652–653. 
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Scheme 2.4 
 
While a heavy metal oxidant does not appear to be a particularly attractive method at 
first glance, Schechter’s system allowed for the key manipulation of extraction of the 
diazoalkane from the polar organic medium.  Isolation in this way enables washing of the 
organic layers with aqueous solutions to extract any acidic byproducts and to remove any 
remaining reagents such as tetramethylguanidine (TMG).  Proper purification was 
essential before undertaking any ring expansion reactions as it was reasoned that Lewis 
basic impurities could interfere with electrophile activation by a Lewis acid.  Although 
reports exist of the purification of diazoalkanes by distillation, it was important to avoid 
such methods to ensure safe handling.5,6  
For aryl diazomethanes, Brewer and coworkers developed a user–friendly protocol 
for dehydrogenation of hydrazones with “activated DMSO” as the oxidant (Scheme 
2.5).12  After formation of chlorodimethylsulfonium chloride (Swern reagent) a mixture 
of base and hydrazone are added, rapidly yielding aryl diazoalkanes with high efficiency.  
Proper solvent choice allows for the facile removal of conjugate acid byproduct 2.23 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(12) "Diazo Preparation via Dehydrogenation of Hydrazones with “Activated” DMSO." Javed, M. I.; 
Brewer, M. Org. Lett. 2007, 9, 1789–1792. 
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furnishing a clean solution of diazoalkane under controlled conditions. The use of volatile 
solvents such as diethyl ether and dichloromethane enable straightforward solvent switch 
by removal of volatiles under reduced pressure and temperature.13  
Scheme 2.5 
 
2.2a A Blended Method for Improved Diazo Alkane Synthesis.  As an initial approach 
for the synthesis and isolation of diazoalkanes, it seemed logical to attempt the synthesis 
of diazo compounds in a fashion such that they could be stored.  The Myers protocol 
hinges upon iodine(III) oxidant 2.1314  and would have assured the presence of a 
stoichiometric quantity of iodobenzene. For this reason, Shechter’s method of oxidation 
was chosen as it offered the ability to isolate a diazoalkane solution with minimal 
byproducts.15   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(13) Further optimization of this procedure for the synthesis of nucleophiles used in the asymmetric ring 
expansion of cyclic ketones will be discussed later. 
(14) (a) "A Practical Synthetic Method of Iodoarene Difluorides without Fluorine Gas and Mercury Salts." 
Hara, S.; Sawaguchi, M.; Ayuba, S. Synthesis 2002, 1802–1803. (b) "Straightforward Syntheses of 
Hypervalent Iodine(III) Reagents Mediated by Selectfluor." Ye, C.; Twamley, B.; Shreeve, J. M. Org. Lett. 
2005, 7, 3961–3964. (c) "Recent Developments in the Chemistry of Polyvalent Iodine Compounds." 
Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2002, 102, 2523–2584 and references cited therein.  
(15) Use of an iodine(III) reagent would have assured the presence of a stoichiometric quantity of 
iodobenzene. 
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The synthesis of hydrazones16 is often complicated by the presence of azines or the 
deterioration of the hydrazone product over time to azines – particularly aliphatic 
hydrazones.  When (S)–citronellal (2.24) was treated with hydrazine hydrate at elevated 
temperature (Scheme 2.6), 1H NMR analysis shows complete conversion to hydrazone 
2.25 in 91% purity (azine 2.26 comprises the other 9%). Analysis of the crude hydrazone 
after storage for 24 hours, though, shows that purity has fallen to a 1:1 mixture of 
hydrazone and azine.  This demonstration of a lack of stability of hydrazone 
intermediates represented a serious shortcoming of previous methods. 
Scheme 2.6 
 
In order to combat the challenges of substrate longevity and, ultimately, starting 
material purity for oxidation, a blended method of oxidation procedures and hydrazone 
synthesis was adopted.  Utilizing either the method of Soderquist8 or Myers9b (Scheme 
2.7), silyl–protected hydrazones 2.28–2.30 are synthesized in good yield and purity.  For 
our purposes, Pb(IV) oxidation of hydrazones offered superior substrate scope and the 
ability to isolate clean solutions of diazoalkanes at cryogenic temperatures. Though !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(16) (a) "A New Reaction of Hydrazones." Barton, D. H. R.; O'Brien, R. E.; Sternhell, S. J. Chem. Soc. 
1962, 470–476. (b) "Oxidation of Hydrazones with Iodine in the Presence of Base." Pross, A.; Sternhell, S. 
Aust. J. Chem. 1970, 23, 989–1003. (c) "A Novel Transformation of Oximes Into Hydrazones by 
Hydrazine Hydrate." Pasha, M.; Nanjundaswamy, H. Synth. Commun. 2004, 34, 3827–3831. (d) "A New 
Efficient Deprotection of Azines, Hydrazones and Oximes. an Excellent Route for Exchanging Oxygen 
Isotopes in Carbonyls." Rozen, S. Tetrahedron Lett. 2005, 47, 763. 
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Shechter’s initial report utilized unsubstituted hydrazones, we hoped to blend silyl-
protected hydrazones with a deprotection and Pb(IV) oxidation for maximum efficiency 
and purity (Scheme 2.7). While the Pb(IV)–based oxidation is carried out in a mixture of 
DMF and TMG as solvent, THF was chosen as the solvent of choice for TBAF 
deprotection of the hydrazone followed by solvent swap for oxidation.  
Scheme 2.7 
 
Initial efforts to isolate diazoalkane products from the oxidation procedure routinely 
gave solutions in pentane or pentane/ether that were contaminated with TMG (2.33).  The 
procedure outlined by Schechter called for aqueous wash of organic extracts with 30% 
w/v KOH solution followed by precipitation of carbamic acid 2.34 after addition of 
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CO2(s) (Scheme 2.8).  Unfortunately, the precipitation step rarely effected efficient 
removal necessitating the riskier strategy of removing the 2.33 by extraction with an 
aqueous acidic solution.  Although diazoalkanes are acid labile, the choice of a mild 
acidic wash with either 100% or 50% saturated NH4Cl was able to rid the solutions of 
2.33 entirely with minimal loss of diazoalkane.  Hydrocarbon solutions of 2.15 were then 
isolated, concentrated, and solvents were swapped for toluene for further use. 
Scheme 2.8 
  
2.2b A Modified Swern Oxidation Approach toward Diazoalkanes.  As with the 
Shechter/Myers method, the Brewer method of dehydrogenation of hydrazones12 was 
modified from its originally published form in order to better meet our needs.  
Fortunately, free hydrazones of benzaldehydes are more stable and less prone to azine 
formation than their aliphatic analogues.  A straightforward route16 was undertaken from 
a variety of benzaldehydes without the need for the synthesis of a protected hydrazone, 
and, consequently, a deprotection was avoided.  This reaction sequence (see Scheme 2.5) 
allowed access to a wide breadth of functionalized aryl diazomethanes (2.35–2.40).  Not 
surprisingly, the electronic nature of the arene proved important for overall yield of the 
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oxidation.  For example, while 2.40 is a bench–stable, brightly colored orange solid, 2.41 
failed to be synthesized under these conditions and required the use of Pb(IV) oxidation 
instead.17   
Figure 2.1 
 
Initially, the benzoate derivative was synthesized in order to assay concentration of 
the diazoalkane solutions,18 but this method would later be supplanted by a more accurate 
measure of concentration (vide infra).  As seen in Figure 2.1, good yields were obtained 
enabling further study of the ketone homologation. Owing to the scalable nature of the 
Swern reaction and simple filtration workup, large quantities of the diazo compounds 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(17) Although Schechter and coworkers report the synthesis of 2.41, the procedure calls for pentane 
extraction, compound 2.41 proved nearly insoluble in pentane at –78 ºC, and a pentane/ether mixture was 
utilized instead. 
(18) As noted by Brewer et al. also, solvent choice is key when performing such quenches with 
arydiazomethanes.  In THF, reaction of 1–phenyldiazoethane and benzoic acid yields not only desired 
benzoate ester, but also the product of solvent participation (see below).  The use of Et2O or an Et2O 
mixture as the esterification solvent eliminates this problem. 
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were accessed rapidly and with high efficiency.  It was assumed (albeit incorrectly) that 
at this stage the purity of the diazoalkanes would be of high enough quality to fully 
undertake the project goal of identifying a catalyst for cyclic ketone homologation.19 
In order to assay the concentration of diazoalkanes, an esterification method was 
devised.  An aliquot of the nascent diazoalkane solution was reacted with a known 
quantity of benzoic acid and the benzoate was purified by column chromatography.  
Assuming full conversion and isolation after purification, the mass of the benzoate was 
used to determine the yield and concentration of diazoalkane solutions.  This method, 
albeit flawed in its assumptions of conversion and efficiency of purification, allowed for 
substrate–efficient assessment of the concentration.20  In order to eliminate the systematic 
error and increase efficiency, an  NMR assay was devised. (Figure 2.2).  ortho–Toluic 
and 2–methoxybenzoic acids were reacted with product diazoalkanes, and the relative 
integration of acid to ester was used to more rapidly assay diazo concentration.  This 
strategy proved unreliable, however, due to a lack of consistent resolution between acid 
and ester protons in the crude 1H NMR spectrum.  Victor Rendina, a graduate student in 
the Kingsbury laboratories, later devised a clever solution by utilizing 2–fluorobenzoic 
acid and interpreting the 19F NMR in order to assay the esterification reaction (Figure 
2.2).  The reliable resolution between acid and ester allowed for rapid assay of 
concentration and, more importantly, a more accurate titre. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(19) It was noticed that after prolonged storage at –78 ºC a white precipitate began to form at the bottom of 
the colored solution of diazoalkane.  This byproduct was initially thought to be excess triethylamine 
hydrochloride or decomposition products and was ignored. 
(20) The most accurate method used for assay of diazoalkane solutions, manometric analysis, would 
require greater amounts of precious diazoalkane to be destroyed in order to determine yields and 
concentrations. 
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Figure 2.2 
 
2.3 A Survey of Al- and B-based Lewis Acids for Catalysis of Ketone Homologation 
The work of Yamamoto as well as the historical work surrounding the use of protic 
activation of the carbonyl (Scheme 2.2) led our efforts in two directions almost 
simultaneously.  It seemed prudent to attempt to modify the Al–based system in such a 
way as to take advantage of their most attractive features – activity and tolerance of 
diazoalkane – while at the same time exploring remedies for the shortcomings – lack of 
catalytic activity.  As a working hypothesis, the benefits were attributed to the Lewis 
acidity of the Al center and the bulk of the accompanying ligands. The lack of catalytic 
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activity could be attributed to an extremely small dissociation constant for complex 2.43 
(Figure 2.3).  Further, if binding were highly favored, the low temperature of the reaction 
(–78 ºC) could further slow any transfer.  While the steric bulk of promoters such as 
MAD could still be utilized to prevent diazo nucleophile decomposition, the electronic 
character of the ligands could be modified in an attempt to increase the rate of release of 
substrate from catalyst. 
Figure 2.3 
 
In a search of unique Al–based Lewis acids,21 the literature was surveyed for 
compounds that would be representative of the catalytic activation of the carbonyl 
function with a particular importance being placed upon those supporting chiral ligands 
or the potential for chiral ligands.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(21) For a review of uses of Al(III) in organic synthesis see; (a) Ooi, T.; Maruoka, K. Achiral Al(III) 
Lewis Acids. In Lewis Acids in Organic Synthesis, Yamamoto, H., Ed.; Wiley–VCH Verlag GmbH: 
Weinheim, 2000; Vol. 1, pp. 191–281. (b) Wulff, W. D. Chiral Aluminum Lewis Acids in Organic 
Synthesis. In Lewis Acids in Organic Synthesis, Yamamoto, H., Ed.; Wiley–VCH Verlag GmbH: 
Weinheim, 2000; Vol. 1, pp. 283–354. (c) Taguchi, T.; Yanai, H. Al(III) Lewis Acids. In Acid Catalysis in 
Modern Organic Synthesis, 1st ed.; Yamamoto, H., Ishihara, K., Eds.; Wiley–VCH Verlag GmbH & Co.: 
Weinheim, 2008; Vol. 1, pp. 241–345. 
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Scheme 2.9 
 
The Al–based bis–triflamide22 catalyst (2.47, Scheme 2.9) developed by Corey and 
coworkers for enantioselective Diels–Alder and aldol reactions represented the type of 
Lewis acid we sought.  For the Diels–Alder reaction of 2.44 and 2.45, 5 mol % catalyst is 
employed and is sufficient to deliver fused bicycle 2.46 in high yield and 
enantioselectivity.  For both the Diels–Alder chemistry, as well as potential diazo 
insertion chemistry, the catalyst can easily be formed in situ from the parent chiral 
disulfonamide and AlMe3 with only methane as a byproduct.  
Figure 2.4 
  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(22) (a) "Practical Enantioselective Diels–Alder and Aldol Reactions Using a New Chiral Controller 
System." Corey, E. J.; Imwinkelried, R.; Pikul, S.; Xiang, Y. B. J. Am. Chem. Soc. 1989, 111, 5493–5495. 
(b) "Enantioselective, Catalytic Diels–Alder Reaction:  (1S–Endo)–3–(Bicyclo[2.2.1 Hept–5–en–2–
Ylcarbonyl)–2–Oxazolidinone." Corey, E. J.; Pikul, S. Org. Synth. 1993, 71, 30–35. 
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Catalysts 2.48 and 2.49 (Figure 2.4), reported by Nelson and coworkers,23 represent 
another shift from simple aluminum alkoxides by adding a third point of coordination 
from the ligand to aluminum as well as a chiral environment around the metal center.  As 
Nelson describes, 2.48 and 2.49 achieve a level of activation not easily predicted by the 
electronic nature of the metal–ligand framwork.24 The constrained geometry of the 
tridentate ligand fails to give a tetrahedral complex usually seen in tetrasubstituted 
aluminum complexes.  Instead, the fourth ligation site serves to perturb the natural 
tetracoordinate geometry of the aluminum center leaving the low lying metal–centered 
LUMO (!!!p orbital) available for binding (Figure 2.4).  A straightforward, modular 
synthetic route (Scheme 2.10) toward these catalysts allows for rapid optimization of 
ligand structure.   
Scheme 2.10 
 
Finally, boron–based catalysts 2.50 and 2.51 were also synthesized in order to probe 
the viability of boron as a catalyst for ketone homologation.  Compounds of mixed aza– 
and oxo–ligands such as proline derived catalyst 2.52 were also considered.  Having 
gathered an array of potential catalysts, each was screened at 100 mol % using the 
reaction of ketone 2.8 and diazoalkane 2.53 as model (Table 2.1).  As the results show !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(23) "Catalytic Asymmetric Acyl Halide–Aldehyde Cyclocondensations. A Strategy for Enantioselective 
Catalyzed Cross Aldol Reactions." Nelson, S. G.; Peelen, T. J.; Wan, Z. J. Am. Chem. Soc. 1999, 121, 
9742–9743. 
(24) "Principle of Activation of Electrophiles by Electrophiles Through Dimeric Association – Two Are 
Better Than One." Negishi, E.–I. Chem.–Eur. J. 1999, 5, 411–420. 
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none of the potential catalysts gave particularly promising results even with 100 mol % 
catalyst present.  Although these initial results were disappointing, history tells us that it 
was not altogether surprising.  Yamamoto’s initial report of MAD dated some 20+ years 
earlier and nothing had been published regarding catalysis of ketone homologation with 
Al(III) or B–based systems in the interim.   
Chart 2.1 
 
Table 2.1 
 
2.4 Survey of Hydrogen Bond Donors as Catalysts for Ketone Homologation 
The second potential avenue for catalysis was the oldest effective promoter of diazo 
insertion: proton catalysis.  As the method of choice for many years, the slow ring 
expansion of ketones in the presence of diazoalkanes in a hydroxylic solvent such as 
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methanol25 provided fertile ground for improvement based on recent literature and 
advances in proton catalysis.  
Scheme 2.11 
 
The field of proton catalysts – chiral proton catalysis in particular – has garnered a 
significant amount of interest in recent history.26  While activation of the ketone substrate 
through hydrogen bonding is not new to ketone homologation, these reaction conditions 
are significantly slower and require higher temperatures when compared to those carried 
out under Lewis acid promotion (2.55+2.56!2.57, Scheme 2.11).7b Although 
diazoalkanes are sensitive to decomposition in acidic medium, the activation of an 
electrophile through hydrogen bonding does not solely depend on the acidity of the 
Brønsted acid activator. The affects of two–point binding have been well studied in urea 
systems. Etter and coworkers showed that the effect of an electron–withdrawing !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(25) "2–Phenylcycloheptanone." Gutsche, C. D.; Johnson, H. E. Org. Synth. 1955, 35, 91–94. 
(26) For reviews see: (a) "Enantioselective Organocatalysis." Dalko, P. I.; Moisan, L. Angew. Chem. Int. 
Ed. 2001, 40, 3726–3748. (b) "Amino Acids and Peptides as Asymmetric Organocatalysts." Jarvo, E. R.; 
Miller, S. J. Tetrahedron 2002, 58, 2481–2495. (c) "Recognition and Activation by Ureas and Thioureas: 
Stereoselective Reactions Using Ureas and Thioureas as Hydrogen-Bonding Donors." Takemoto, Y. Org. 
Biomol. Chem. 2005, 3, 4299–4306. (d) "Asymmetric Catalysis by Chiral Hydrogen–Bond Donors." 
Taylor, M. S.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 1520–1543 and refs cited therein. (e) 
"Recent Progress in Chiral Brønsted Acid Catalysis." Akiyama, T.; Akiyama, T.; Itoh, J.; Itoh, J.; Fuchibe, 
K.; Fuchibe, K. Adv. Synth. Catal. 2006, 348, 999–1010. 
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substituent at the 3–position of aryl ureas (2.58 and 2.59) imparts strong two–point 
binding to Lewis basic functionality (Figure 2.5).27  As a result of this effect, crystals of a 
variety of ureas were isolated as solvates of Lewis basic molecules, such as 2.58 and 
2.59. Jacobsen’s successful use26a of ureas and thioureas with structural and electronic 
variations lend further credence to this strategy. 
Figure 2.5 !
 
 
Lastly, because simple alcohols can be used successfully (albeit in a limited way) to 
promote homologation, a variety of diols and alcohols were used to probe for a trend in 
reactivity.  In order to mimic the two–point binding of ureas, diols such ethylene glycol !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(27)  (a) "Hydrogen–Bond Directed Cocrystallization and Molecular Recognition Properties of 
Diarylureas." Etter, M. C.; Urbañczyk–Lipkowska, Z.; Ziaebrahimi, M.; Panunto, T. W. J. Am. Chem. Soc. 
1990, 112, 8415–8426. (b) "1,3–Bis(M–Nitrophenyl)Urea: an Exceptionally Good Complexing Agent for 
Proton Acceptors." Etter, M. C.; Panunto, T. W. J. Am. Chem. Soc. 1988, 110, 5896–5897.  
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(2.62), 1,3–propandiol (2.63), tetrafluorobutanol (2.64), (S)–binol (2.66), and TADDOL28 
(2.67) were selected (Chart 2.2).  Prolinol 2.68 also fits the mold of potential two–point 
hydrogen bond donors.  Additionally, chiral sulfonamides 2.69 and 2.70 were evaluated.  
2.69 and 2.70 represent compounds that are capable of two–point binding but both lie at 
the decidedly more acidic end of the spectrum relative to the diols in Chart 2.2.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(28) Although TADDOL contains two potential positions for hydrogen bond donation, it is widely 
believed to activate electrophiles through a single point of contact.  An intramolecular hydrogen bond both 
acidifies and provides directionality to the second H–bond donor.  For an example, see: "Axially Chiral 
Biaryl Diols Catalyze Highly Enantioselective Hetero–Diels–Alder Reactions Through Hydrogen 
Bonding." Unni, A. K.; Takenaka, N.; Yamamoto, H.; Rawal, V. H. J. Am. Chem. Soc. 2005, 127, 1336–
1337. 
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Chart 2.2 
 
Trifluoroethanol (2.65) was also chosen in order to probe the limits of Brønsted 
acidity of the promoter without reaching a level of competitive decomposition of the 
diazo compound. To determine how the reaction would respond to a labile proton 
acceptor, the chiral acid 2.72 (H,Quin–BAM•HOTf) 29  was selected.  Table 2.2 
demonstrates that, as a group, the hydroxylic promoters performed quite well under 
stoichiometric conditions.  Diols all gave good yields, and 2.67 gave a good yield even at 
less than one substrate equivalent.  The ureas 2.58, 2.59, and 2.71 showed disappointing 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(29) (a) "Chiral Proton Catalysis:  a Catalytic Enantioselective Direct Aza–Henry Reaction." Nugent, B. 
M.; Yoder, R. A.; Johnston, J. N. J. Am. Chem. Soc. 2004, 126, 3418–3419. (b) "Chiral Proton Catalysis: 
pKA Determination for a BAM–HX Brønsted Acid." Hess, A. S.; Yoder, R. A.; Johnston, J. N. Synlett 
2006, 147–149. 
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reactivity as did sulfonamides 2.70 and 2.71.  Prolinol 2.68 gave a modest yield in line 
with other hydroxy–containing promoters.   
Table 2.2a 
 
To further examine the reactivity patterns, cyclobutanone was used as a more 
reactive substrate for homologation.  Table 2.3 shows the result of a smaller screen that 
was performed again with diazoalkane 2.53.  The inherent reactivity of cyclobutanone is 
evident by the modest yield of entry 1.  A substantial amount of desired product is seen 
for entries 2 and 3, though neither reaction is improved by the change in ketone substrate.  
Further diminishing the value of these initial results is the slow rate of reaction.  For both 
entries 2 and 3 reaction times exceed 36 hours for modest yield of 2.74 utilizing one 
equivalent of diazoalkane.  A significant goal of the project was to develop a method that 
was as operationally simple as possible, and thus the decision was made not to optimize 
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aReaction conditions: Solution of diazoalkane 2.53 was added slowly to a stirring solution of 
promoter and ketone 2.8 at 0 ºC.  Reaction then allowed to slowly warm to rt. Diastereoselectivity 
was not determined.  bRun with only 0.5 equiv TADDOL. cIn order to effect solubility of promoter, 
reaction was run in 1:1 PhMe:CH2Cl2. d15% yield of epoxide was also recovered.
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reaction sequences through increasing equivalents of diazoalkane used during the 
reaction.  Any attempts to reduce the amount of promoter below one substrate–equivalent 
slowed the reaction rate to such an extent as to make it unviable as a synthetic method. 
Table 2.3
a
 
 
Faced with the disappointing reactivity of Brønsted acid promotion and failing to 
find a Lewis acid catalyst through modifications of the historical literature, the program 
shifted focus once again.  The inefficiencies of Brønsted acid promotion signaled that this 
method of activation would not likely yield results in an efficient time frame.  The 
success of Lewis acids with the reaction of carbonyl–stabilized diazo nucleophiles and 
aldehydes30 (the Roskamp reaction), in both the stoichiometric and catalytic fashion, 
indicated that fertile ground for catalysis was within reach, however. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(30) For early examples of Lewis acid catalyzed Roskamp reactions: (a) "A Selective Method for the 
Direct Conversion of Aldehydes Into "–Keto Esters with Ethyl Diazoacetate Catalyzed by Tin(II) 
Chloride." Holmquist, C. R.; Roskamp, E. J. J. Org. Chem. 1989, 54, 3258–3260. (b) "Iron Lewis Acid 
Catalyzed Reactions of Aromatic Aldehydes with Ethyl Diazoacetate: Unprecedented Formation of 3–
Hydroxy–2–Arylacrylic Acid Ethyl Esters by a Unique 1,2–Aryl Shift." Mahmood, S. J.; Hossain, M. J. 
Org. Chem. 1998, 63, 3333–3336. 
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PhMe
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2.5 Discovery of Sc(III) Triflate as an Effective Catalyst for Ketone Homologation 
Background research into the properties and uses of Sc(III) reveal it to be an 
attractive Lewis acid for ketone homologation.  Scandium(III) complexes have been 
utilized successfully in a variety of useful organic transformations in both racemic as well 
as enantioselective catalysis in organic, aqueous, and ionic liquid solvents.31  Although 
scandium is not a member of the lanthanide family of elements, it is included in 
discussions of lanthanide chemistry due to the isoelectronic nature of the closed noble gas 
outer valence shell configuration and the similar chemistry it exhibits.  In this way, 
scandium represents the smallest of the lanthanides with an ionic radius of 0.754 Å, while 
lanthanum is the largest with an ionic radius of 1.032 Å.31c  Scandium is the most Lewis 
acidic lanthanide as measured by Imamoto and coworkers by tandem mass 
spectroscopy 32  and is said to be intermediate between aluminum and the other 
lanthanides.  If one measures Lewis acidity in the more general way of Mikami (LA = 
Z/r3), a similar trend is found.31c 
Given that any successful ketone homologation catalyst would ultimately lead to 
research into an asymmetric variant of the reaction, it was also important to analyze the 
potential for asymmetric induction.  As mentioned above, Sc(III) has enjoyed as short but 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(31) For selected reviews: (a) "Rare–Earth Metal Triflates in Organic Synthesis." Kobayashi, S.; Sugiura, 
M.; Kitagawa, H.; Lam, W. Chem. Rev. 2002, 102, 2227–2302. (b) "Scandium Triflate in Organic 
Synthesis." Kobayashi, S. Eur. J. Org. Chem. 1999, 15–27. (c) "“Asymmetric” Catalysis by Lanthanide 
Complexes." Mikami, K.; Terada, M.; Matsuzawa, H. Angew. Chem. Int. Ed. 2002, 41, 3554–3571. (d) 
Shibasaki, M.; Yamada, K.; Yoshikawa, N. Lanthanide Lewis Acid Catalysis. In Lewis Acids in Organic 
Synthesis, 1st ed.; Yamamoto, H., Ed.; Wiley–VCH Verlag GmbH: Weinheim, 2000; Vol. 2, pp. 911–944. 
(32) "Evaluation of the Relative Lewis Acidities of Lanthanoid (III) Compounds by Tandem Mass 
Spectrometry." Tsurata, H.; Imamoto, T.; Yamaguchi, K. Chem. Commun. 1999, 1703–1704. 
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rich history in catalytic enantioselective reactions such as aldol,33 Michael reactions,34 
and desymmetrization of meso epoxides35 to name a few.  However, a survey of the 
Cambridge Crystallographic Data Center at the outset of the project showed only a small 
selection of chiral Sc(III) complexes.36  Two of the three available structures were 
Sc(pybox) complexes reported by Evans and coworkers, 37 , 38  and the third was a 
bipyridyldiol reported by Kobayashi and coworkers39 (2.74–2.76, Chart 2.3).  
Chart 2.3 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(33) "C(2)–Symmetric Sc(III)–Complexes as Chiral Lewis Acids. Catalytic Enantioselective Aldol 
Additions to Glyoxylate Esters." Evans, D. A.; Masse, C. E.; Wu, J. Org. Lett. 2002, 4, 3375–3378. 
(34) "Chiral Scandium Catalysts for Enantioselective Michael Reactions of Beta–Ketoesters." Ogawa, C.; 
Kizu, K.; Shimizu, H.; Takeuchi, M.; Kobayashi, S. Chem.–Asian J. 2006, 1, 121–124. 
(35) "Scandium–Bipyridine–Catalyzed Enantioselective Addition of Alcohols and Amines to Meso–
Epoxides." Schneider, C.; Sreekanth, A. R.; Mai, E. Angew. Chem. Int. Ed. 2004, 43, 5691–5694. 
(36) Since then, other crystal structures have been published.  For examples, see: (a) "Structural Report for 
Sc[(R,R)–Norephedrine–Pybox](OTf)(3) Dimeric Complex." Staples, R. J.; Aye, Y. J. Chem. Crystallogr. 
2008, 38, 49–52. (b) "Scandium SALEN Complexes Bearing Chloro, Aryloxo, and Hydroxo Ligands." 
Meermann, C.; Törnroos, K. W.; Anwander, R. Inorg. Chem. 2009, 48, 2561–2570. (c) "Enantioselective 
Friedel–Crafts Alkylation of Indoles with Alkylidene Malonates Catalyzed by N,N'–Dioxide–Scandium(III) 
Complexes: Asymmetric Synthesis of Beta–Carbolines." Liu, Y.; Shang, D.; Zhou, X.; Liu, X.; Feng, X. 
Chem.–Eur. J. 2009, 15, 2055–2058. 
(37) (a) "Highly Enantioselective Syntheses of Homopropargylic Alcohols and Dihydrofurans Catalyzed 
by a Bis(Oxazolinyl)Pyridine#Scandium Triflate Complex." Evans, D. A.; Sweeney, Z. K.; Rovis, T.; 
Tedrow, J. S. J. Am. Chem. Soc. 2001, 123, 12095–12096. (b) "Enantioselective Friedel–Crafts Alkylations 
Catalyzed by Bis(Oxazolinyl)Pyridine–Scandium Triflate Complexes." Evans, D. A.; Scheidt, K. A.; 
Fandrick, K. R.; Lam, H. W.; Wu, J. J. Am. Chem. Soc. 2003, 125, 10780–10781. 
(38) For a review on pybox complexes in asymmetric catalysis, see: "Pyridine–2,6–Bis(Oxazolines), 
Helpful Ligands for Asymmetric Catalysts." Desimoni, G.; Faita, G.; Quadrelli, P. Chem. Rev. 2007, 103, 
3119–3154. 
(39) "Catalytic Asymmetric Hydroxymethylation of Silicon Enolates Using an Aqueous Solution of 
Formaldehyde with a Chiral Scandium Complex." Ishikawa, S.; Hamada, T.; Manabe, K.; Kobayashi, S. J. 
Am. Chem. Soc. 2004, 126, 12236–12237. 
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All of the features that Sc(III) possesses – small, highly Lewis acidic and oxophilic 
trication evoke similarities to Al(III).  Scandium and the other lanthanides offer the 
ability to scaffold chiral ligands for potential enantioselective catalysis while a higher or 
lower degree of Lewis acidity and steric bulk could be imparted by choice of counter ion 
or ligands for tuning of the catalyst.  
2.5a Initial Screens and Optimization.  Sc(OTf)3 served as the first Sc(III) source to 
be screened with ketone 2.55 and diazoalkane 2.53 (Scheme 2.12).  The reactions were 
complete (as judged by disappearance of the yellow color of 2.53) in less than 1 min 
yielding full conversion of ketone starting material and excellent yields after purification.   
The rate of reaction was of particular note as well.  At room temperature or 0 ºC, the 
reactions were complete nearly instantaneously and resembled a titration as conversion of 
the diazoalkane resulted in a disappearance of color.   
Scheme 2.12 
 
When nucleophile 2.78 was screened against a selection of lanthanide triflates (Table 
2.4), all reactions proceeded to give full conversion of the ketone albeit with different 
kinetic profiles. Reactions promoted by scandium(III) and ytterbium(III) triflate reacted 
within one minute, while all others completed within twenty minutes. Gratifyingly, 
reaction efficiency does not suffer when the loading of Sc(OTf)3 is dropped to 5 mol % 
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(entry 2).  However, a steep drop in reaction yield was observed at 2 mol % catalyst 
loading giving only 37% yield.40   
Table 2.4a 
 
In order to rule out the participation of TfOH as a catalyst in the reaction, a control 
experiment was undertaken with 1 mol % TfOH as catalyst.  As Scheme 2.13 shows, no 
desired ketone was seen, and only stilbene (~1:1 E:Z ratio) was furnished. 
Scheme 2.13 
  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(40) It should be noted that the quality of Sc(OTf)3 was of concern initially.  Sc(OTf)3 purchased from the 
Sigma–Aldrich Chemical Co. at 99% and 99.999% purity levels performed equally in these reactions, 
though no additional purification of the catalyst was undertaken upon receipt. 
O
2.8
+ Ph
N2
2.78
20 mol % 
Ln(OTf)3
PhMe, 0 ºC
O
Ph
2.79a
Sc(OTf)3
Sc(OTf)3
Sc(OTf)3
Y(OTf)3
La(OTf)3
Sm(OTf)3
Eu(OTf)3
Yb(OTf)3
1
2
3
4
5
6
7
8
100
100
nd
100
100
100
100
100
92 
85d
37e
nd 
nd 
nd 
nd
85
Entry Catalyst Conv(%)b Yield(%)c
aReaction conditions: A cold (–78 ºC) solution of 2.78 was 
added to a stirring mixture of 2.8 and catalyst at 0 º C. 
bBased on complete disappearance of 2.8 as visualized 
by TLC and confirmed by crude 1H NMR. cIsolated yield. 
dYield with 5 mol % Sc(OTf) 3. e Yield with 2 mol % 
Sc(OTf)3.
t-Bu t-Bu
O
2.55
+ Ph
N2
2.78
1 mol % TfOH
PhMe, 0 ºC Ph
Ph
100% conversion
to stilbene
1:1 E/Z ratio
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The reaction solvent was briefly explored due to the lack of solubility of Sc(OTf)3 in 
PhMe (Table 2.5). Although entries 1 and 2 displayed similar yields and overall levels of 
reaction rate, yields quickly fell off as the reaction medium became more polar.  This 
trend is in accord with the relative Lewis basicity as measured by hydrogen bond 
accepting ability, $. For PhMe, MeCN, THF, DMF, $ = 0.11, 0.31, 0.55, 0.69, 
respectively.41  Having optimized solvent and catalyst loading with aryl diazomethane 
2.78 as a model, our attention next turned to the possibility of utilizing alkyl–substituted 
diazoalkanes as effective nucleophiles. 
Table 2.5a 
 
2.5b Identification of Catalysts for Alkyl–Substituted Diazomethane.  There is a 
variety of approaches (Scheme 2.14) to ketone alkylation including asymmetric 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(41) "Linear Solvation Energy Relationships. 23. a Comprehensive Collection of the Solvatochromic 
Parameters, %*, ! and $, and Some Methods for Simplifying the Generalized Solvatochromic Equation." 
Kamlet, M. J.; Abboud, J. L. M.; Abraham, M. H.; Taft, R. W. J. Org. Chem. 1983, 48, 2877–2887. 
+ Ph
N2
2.78
10 mol % 
Sc(OTf)3
Solvent, 0 ºC
O
Ph
2.79
PhMe
MeCN
THF
DMF
1
2
3
4
0.11
0.31
0.55
0.69
>98
>98
35
nd
Entry Solvent !b Yield(%)c
aReaction conditions: A cold (–78 ºC) solution of 2.78 was 
added to a stirring mixture of 2.73 and catalyst at 0 ºC. b! 
represents the hydrogen bonding ability of a solvent; see 
ref 41. cIsolated yield.
O
2.55
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protonation, 42  diastereoselective alkylation of chiral hydrazones (SAMP/RAMP), 43 
enantioselective conjugate addition to cyclic nitroalkenes, 44  enantioselective Tsuji 
allylation45 and enantioselective epoxidation/rearrangement.46   Fewer approaches are 
available for the direct alkylation of cyclic ketones in an asymmetric fashion, though the 
enantioselective arylation of tertiary ketones,47 and MacMillan’s !–allyation48 represent 
two notable examples.  Reactions of the form (2.1+2.2!2.3, Scheme 2.15) represent two 
powerful transformations in organic synthesis combined in one atom economical step.  
The addition of a diazoalkane not only furnishes two new C–C bonds, it also allows for 
facile the installation of a !–tertiary or –quaternary centers.  The identification of a mild 
and efficient catalyst for alkyl insertion would be the first step toward the development of 
a reaction capable of direct asymmetric substitution of cyclic ketones.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(42) (a) "Homogeneous Pd–Catalyzed Enantioselective Decarboxylative Protonation." Marinescu, S. C.; 
Nishimata, T.; Mohr, J. T.; Stoltz, B. M. Org. Lett. 2008, 10, 1039–1042. (b) "Catalytic Enantioselective 
Decarboxylative Protonation." Mohr, J. T.; Nishimata, T.; Behenna, D. C.; Stoltz, B. M. J. Am. Chem. Soc. 
2006, 128, 11348–11349. (c) Unsaturated Carbonyl Compounds: Asymmetric Michael Additions and 
Asymmetric Protonations." Emori, E.; Arai, T.; Sasai, H.; Shibasaki, M. Org. Lett. 2006, 8, 1721–1724. (d) 
"Enantioselective Protonations: Fundamental Insights and New Concepts." Duhamel, L.; Duhamel, P.; 
Plaquevent, J. Tetrahedron: Asymmetry 2004, 15, 3653–3691. 
(43) "The SAMP–/RAMP–Hydrazone Methodology in Asymmetric Synthesis." Job, A.; Janeck, C.; 
Bettray, W.; Peters, R.; Enders, D. Tetrahedron 2002, 58, 2253–2329. 
(44) "Cu–Catalyzed Enantioselective Conjugate Addition of Alkylzincs to Cyclic Nitroalkenes: Catalytic 
Asymmetric Synthesis of Cyclic !–Substituted Ketones." Luchaco–Cullis, C.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2002, 124, 8192–8193. 
(45) "The Enantioselective Tsuji Allylation." Behenna, D. C.; Stoltz, B. M. J. Am. Chem. Soc. 2004, 126, 
15044–15045. 
(46) "Enantioselective Synthesis of 2–Alkyl–2–Aryl Cyclopentanones by Asymmetric Epoxidation of 
Tetrasubstituted Cyclobutylidene Olefins and Epoxide Rearrangement." Shen, Y.; Wang, B.; Shi, Y. 
Tetrahedron Lett. 2006, 47, 5455–5458. 
(47) "Enantioselective Alpha–Arylation of Ketones with Aryl Triflates Catalyzed by Difluorphos 
Complexes of Palladium and Nickel." Liao, X.; Weng, Z.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 
195–200. 
(48) "Direct and Enantioselective &–Allylation of Ketones via Singly Occupied Molecular Orbital 
(SOMO) Catalysis." Mastracchio, A.; Warkentin, A. A.; Walji, A. M.; MacMillan, D. W. C. Proc. Natl. 
Acad. Sci. U.S.A. 2010, 107, 20648–20651. 
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Scheme 2.14 
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Scheme 2.15 
 
Studies of Sc(III) catalysis utilizing diazoalkane 2.84 showed the reaction to be far 
less efficient than that of aryl–substituted diazoalkanes.  Even under optimized conditions 
of temperature slow addition, and increased catalyst loading, only a yield of 68% was 
achieved (Scheme 2.16).  Crude NMR analysis showed azine byproduct formation as the 
major byproduct indicating that Sc(OTf)3 was too Lewis acidic for the alkyl–substituted 
diazomethanes.  In order to improve the compatibility of the nucleophile and catalyst, the 
ligand structure reequired modification for these more reactive diazoalkanes. 49  
Borrowing from Yamamoto’s use of MAD, it was hypothesized that a bulkier scandium 
center would have less opportunity to interact with the diazoalkane in a non–productive 
fashion.  It was hoped that, unlike Al(III), the rapid kinetics of ligand exchange inherent 
to Sc(III) would facilitate substrate binding and still allow for effective catalysis. In !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(49) The differing reactivities between aryl and alkyl diazo compounds is not unexpected.  See: "How 
Nucleophilic Are Diazo Compounds?" Bug, T.; Hartnagel, M.; Schlierf, C.; Mayr, H. Chem.–Eur. J. 2003, 
9, 4068–4076. 
N
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addition to the increase of steric bulk surrounding the metal center, the electronics of the 
Sc could be attenuated by the electronic nature of the ligands.   
Scheme 2.16 
 
A survey of commercially available Sc(III) salts revealed dionates 2.86a–c (Chart 
2.4) as optimal choices.  The disparity in size50 between catalysts 2.86a–c is clearly 
evident. As seen in Scheme 2.17, a screen of catalysts 2.86a–c revealed them to be 
superior to Sc(OTf)3 with the exception of 2.86c which failed to react to full conversion.  
Good yields of the desired ketone were seen with 2.86a and 2.86b, and it is of particular 
note that the most sterically encumbered, 2.86b, is most effective.  
Scheme 2.17 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(50) As the space filling model in Chart 2.4 shows graphically, the dionate ligand create a large sphere 
around the Sc trication.  The volumes of 2.86a–c are 335.08 Å3, 659.35 Å3, and 419.74 Å3 respectively as 
calculated by Spartan version 8.0. 
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Chart 2.4 
  
Having uncovered effective catalysts for ketone homologation with aryl– and alkyl–
substituted diazoalkanes, the next phase of the project turned toward exploring the 
substrate scope of Sc(III) catalysis.  While our earlier studies had focused on the 
transformation of six to seven membered rings, the focus now shifted to the 
transformation of cyclobutanone to substituted cyclopentanones.   
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2.5c Scope of Sc(III)–Catalyzed Ketone Homologation.  Reactions of diazoalkanes 
2.35–2.41 with cyclobutanone mediated by 10 mol % Sc(OTf)3 show remarkable scope 
allowing for the facile synthesis of !–tertiary and –quaternary cyclopentanones in good to 
excellent yields (Table 2.6).51  Entry 5 represents an outlier among the other data and 
suggests sensitivity of the product during purification.  If cyclohexanone is substituted in 
place of cyclobutanone as in entry 5, the reaction proceeds with near perfect efficiency.  
Analysis of the crude reaction product of 2.87e reveals nearly pure desired 
cyclopentanone, suggesting decomposition during purification.  That the analogous 
cycloheptanone survives column chromatography suggests that the increased relative 
acidity of 2.87e may play a part in the decomposition mechanism.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(51) "Catalytic Homologation of Cycloalkanones with Substituted Diazomethanes. Mild and Efficient 
Single–Step Access to Alpha–Tertiary and Alpha–Quaternary Carbonyl Compounds." Moebius, D. C.; 
Kingsbury, J. S. J. Am. Chem. Soc. 2009, 131, 878–879. 
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Table 2.6a 
 
Entry 4 also represents a deviation from the standard procedure.  Excess diazoalkane 
2.38 was required to completely consume all cyclobutanone stating material.  Azine 2.88 
was isolated as the major byproduct, but catalysts 2.86a–c were ineffective.  Decreasing 
the quantity of 2.38 relative to starting material led to a steep drop in overall efficiency, 
and changes in solvent had little effect. Running the reaction with excess cyclobutanone 
2.73
O
R1
N2
R2
5-10 mol % Sc(OTf)3
PhMe, 23 ºC, 1–24 h
+
O
R2
R1
Entry Diazoalkane Yield(%)b
a Reaction conditions: A cold (–78 ºC) solution of diazoalkane was added to a stirring 
mixture of 2.73 and catalyst at 23 ºC. b Isolated yield.  c Run with 5 mol % catalyst. 
d Run at –50 ºC. e Run with 10 mol % Sc(acac)3.
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did increase the yield slightly, but it was the use of excess diazoalkane that ultimately 
drove the reaction to a nearly quantitative yield.52 Although excess 2.38 was required, 
other sterically hindered diazoalkanes reacted with good efficiency delivering highly 
substituted and sterically congested quaternary centers in one step (Entries 1, 3, and 4).  
The reactive nature of electron–rich diazo compound 2.41 required catalyst 2.86a for 
efficient reaction.  Attempts to use Sc(OTf)3 resulted in diazo decomposition and a loss 
of yield.  Of note, the synthesis of 2–arylcyclopentanones in one step represents a 
significant improvement over known methods for construction of similar chemotypes.  
Previous methods have relied on “blocking groups” to shield the !’–position from further 
reaction47,53  – a complication we did not encounter.  
 
Having completed a short examination of aryl diazomethanes in ketone 
homologation, our attention next turned toward the more daunting task of using alkyl–
substituted diazomethanes.  Their increased basicity and nucleophilicity49 translates into 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(52) The use of 2,6–di–tert–butylpyridine was also employed as a stoichiometric base in the event an 
unknown acid impurity was causing the decomposition of the diazoalkane with little change in the outcome. 
(53) "Catalytic Asymmetric Vinylation of Ketone Enolates." Chieffi, A.; Kamikawa, K.; Ahman, J.; Fox, 
J.; Buchwald, S. L. Org. Lett. 2001, 3, 1897–1900. 
N N
2.88
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compounds that display low thermal stability and increased sensitivity to acid.54  Though 
potentially challenging, diazoalkanes represented perhaps the most useful diazo reagents 
as they offer the synthetic chemist the ability to append a broader scope of substitution 
with concomitant ring expansion.  For this reason, we chose to examine several types of 
embedded functionality within the diazoalkane in order to examine the breadth of the 
blended method combined with the catalytic ketone homologation.  As a secondary goal, 
we desired to demonstrate catalytic C–C insertion across a variety of ring sizes.   
As shown in Table 2.7, reaction of a variety of diazoalkanes with cycloalkanones of 
various sizes proceeded in good yields with catalyst 2.86a or 2.86b.  $–Branched diazo 
compound 2.89 was well tolerated as was ketone–derived diazo nucleophile 2.90.  Entry 
3 shows that expansion of five to six–membered rings is indeed the least efficient, 
possibly owing to the inherent lack of reactivity of cyclopentanone toward nucleophilic 
attack at the carbonyl relative to other cycloalkanones.55  Expansion of larger ring sizes, 
however such, as entry 5 shows, proceeded in excellent yields.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(54) This is of particular importance given the acid washes necessary for their synthesis according to the 
blended method described in section 2.2a. 
(55) "I–Strain as a Factor in the Chemistry of Ring Compounds." Brown, H.; Fletcher, R. S.; Johannesen, 
R. B. J. Am. Chem. Soc. 1951, 73, 212–221. 
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Table 2.7a 
 
Olefins acetals and benzyl protected alcohols are well tolerated allowing for further 
functionalization in a complex setting.  The use of !,$–unsaturated diazoalkanes also 
deliver homologated products in high yield (2.55+2.98!2.99, Scheme 2.18), and 
demonstrates that the reaction is easily scalable.  
O
R1
N2
R2
10 mol % Sc(tmhd)3
PhMe, 23 ºC, 18 h
+
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Entry Electrophile Diazoalkane Equiv of Nucleophile
Insertion
Product Yield(%)
b
+ N N
a Reaction conditions: A cold (–78 ºC) solution of diazoalkane was added to a stirring mixture of 
electrophile and catalyst at 23 ºC. b Isolated yield. c Run with 10 mol % Sc(acac)3. tmhd = 2,2,6,6-
tetramethyl-3,5-heptanedianato
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Scheme 2.18 
 
Having achieved the “proof of principle” goal of the project, it was hoped that Sc(III) 
catalysis was capable of more than ketone homologation with substituted diazomethanes.  
The discovery of this simple and modular catalyst allowed for the opportunity to explore 
its use in methylene insertion and its regiochemical ramifications as well as the addition 
of non–stabilized diazoalkanes to aldehydes, and those aspects will be discussed in due 
course.  The next facet of ketone homologation that was of particular interest to me was 
the development of an, as yet, unmet challenge for diazo insertion chemistry: catalytic 
asymmetric ring expansion of cycloalkanones by diazoalkanes.  As discussed previously, 
Sc(III) offers a ready–made platform for the utilization of chiral ligands toward this goal. 
2.6 Catalytic Asymmetric Ketone Homologation with Non–Stabilized Diazoalkanes 
Examples of Sc(III) and other lanthanides in asymmetric catalysis inspired us to 
quickly pursue a catalytic asymmetric reaction.  As exploration in this area began in our 
laboratory, Maruoka and coworkers published a manuscript describing the 
diastereoselective addition of chiral diazoacetates to symmetric and unsubstituted ketones 
Scheme 2.19).56  Though it was clear there was much interest in this area, we envisioned 
a method that would not require a carbonyl for stabilization of the diazo nucleophile.  The 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(56) "Stereoselective Construction of Seven–Membered Rings with an All–Carbon Quaternary Center by 
Direct Tiffeneau–Demjanov–Type Ring Expansion." Hashimoto, T.; Naganawa, Y.; Maruoka, K. J. Am. 
Chem. Soc. 2009, 131, 6614–6617. 
O
N2 10 mol % Sc(OTf)3
PhMe, 0 ºC, 2 h
+
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Chapter 2 
Page 129 
method we envisioned would lead to cyclic ketones unfettered by the presence of a 
vestigial ester necessary for both reactivity and selectivity in Maruoka’s contribution. 
Further, the absence of the ester allows for stereoselective synthesis of !–tertiary ketones 
under mild conditions – something that other methods have failed to accomplish.53,57  
Scheme 2.19 
 
2.6a Studies of Enantioselective Ketone Homologation with Sc–pybox Complexes. As 
discussed earlier, only a handful of chiral scandium complexes had been reported, the 
compounds having solved crystal structures are shown in section 2.5,  Chart 2.3. Analysis 
of potential ligands began with pyridyl–bis(oxazolinyl) (pybox)–derived complexes 
Sc•L2.1 and Sc•L2.2.  The formation of a working hypothesis for selectivity began with 
the Evans report of enantioselective indole Friedel–Crafts alkylations (Scheme 2.20).58  
Using the crystal structure of complex Sc•L2.1, Evans rationalized the observed 
stereochemical outcome through bidentate binding of acyl phosphonate 2.100.  In this 
model the $–position is presented within the chiral pocket exposing one face of the olefin 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(57) "Enantioselective Alkylations of Tributyltin Enolates Catalyzed by Cr(Salen)Cl: Access to 
Enantiomerically Enriched All–Carbon Quaternary Centers." Doyle, A.; Jacobsen, E. N. J. Am. Chem. Soc. 
2005, 127, 62–63. 
(58) "Enantioselective Friedel–Crafts Alkylations Catalyzed by Bis(Oxazolinyl)Pyridine–Scandium 
Triflate Complexes." Evans, D. A.; Scheidt, K. A.; Fandrick, K. R.; Lam, H. W.; Wu, J. J. Am. Chem. Soc. 
2003, 125, 10780–10781. 
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to nucleophilic attack.  This early work, coupled with the modularity38,59 of pybox ligands 
made them attractive candidates for asymmetric catalysis. 
Scheme 2.20 
 
Application of Evans stereochemical model to ketone alkylation could seem as 
simple as the exchange of a ketone for the acyl phosphonate substrate (Figure 2.6, 2.102, 
2.103).  However, in Evans’s methods60 bidentate chelation is employed and, at the 
outset, it was unclear what effect the removal of a point of binding would have on 
selectivity.  It was assumed that the loss of a point of contact in 2.103 would allow for a 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(59) "An Efficient and General One–Pot Method for the Synthesis of Chiral Bis(oxazoline) and Pyridine 
Bis(oxazoline) Ligands." Cornejo, A.; Fraile, J. M.; Garcia, J. I.; Gil, M. J.; Martinez–Merino, V.; Mayoral, 
J. A.; Pires, E.; Villalba, I. Synlett 2005, 2321–2324. 
(60) (a) "Highly Enantioselective Syntheses of Homopropargylic Alcohols and Dihydrofurans Catalyzed 
by a Bis(Oxazolinyl)Pyridine#Scandium Triflate Complex." Evans, D. A.; Sweeney, Z. K.; Rovis, T.; 
Tedrow, J. S. J. Am. Chem. Soc. 2001, 123, 12095–12096. (b) "C(2)–Symmetric Sc(III)–Complexes as 
Chiral Lewis Acids. Catalytic Enantioselective Aldol Additions to Glyoxylate Esters." Evans, D. A.; Masse, 
C. E.; Wu, J. Org. Lett. 2002, 4, 3375–3378. (c) "A General Method for the Enantioselective Synthesis of 
Pantolactone Derivatives." Evans, D. A.; Wu, J.; Masse, C. E.; MacMillan, D. W. C. Org. Lett. 2002, 4, 
3379–3382. 
Evans, JACS, 2003
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greater freedom of movement and could result in competing modes of addition and lower 
selectivities.     
Figure 2.6 
 
As a model reaction, cyclohexanone and phenyldiazomethane were paired in order to 
synthesize 2–phenycylcoheptanone in a non–racemic fashion.  The Evans procedure58 for 
preformation of the Sc–pybox complex was employed for catalyst synthesis: 10 mol % 
Sc(OTf)3 and 11 mol % of commercially available L2.1–L2.3 were mixed in CH2Cl2 
until complete dissolution of the Sc(OTf)3 was observed followed by removal of solvent 
under reduced pressure.  After toluene and cyclohexanone were added, the reaction 
mixture was cooled to –78 ºC, and diazoalkane 2.36 was added.  Unlike reactions 
mediated by Sc(OTf)3 alone, no rapid bubbling was observed and the reactions remained 
tinged with the telltale red color of 2.36 for several hours.  Running the reactions at 
elevated temperature (0 or 23 ºC) allowed for higher conversion to product, but none of 
2.102 2.103
Nuc
Nuc
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the reactions gave measurable asymmetric induction (Table 2.8). Entry 3 shows that the 
reaction gave anomalous results as well. Different solvents were evaluated in the hopes 
that a solvent system could be found so the reaction would proceed at decreased 
temperature (Table 2.8, entries 5–9), but yields remained depressed relative to reactions 
carried out in the absence of L2.1–L2.3. 
Table 2.8 
 
Given the rapid rate of reaction of 2.55 and 2.36 in the presence of Sc(OTf)3, the lack 
of reactivity was puzzling and highly disappointing.  As happens in science from time to 
time, fate intervened in an unexpected way, and my efforts were diverted away from the 
asymmetric project for nearly seven months.  At the time I left the Sc–pybox effort, it 
was July, and it wouldn’t be until January that I returned to it.  This timing would prove 
key to understanding the fundamental problems of asymmetric induction and reactivity in 
this reaction. 
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L2.2  R = Ph
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+ Ph
N2 10 mol % Sc(OTf)311 mol% L
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1
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8
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L2.2
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rac
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CH2Cl2
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MeCN
0
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0
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23
23
23
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a Conditions: 2.36 was added to a cooled solution of premixed 
catalyst and 2.55 and stirred until the complete disappearance of 
color from diazoalkane was observed.
no reaction
no reaction
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Upon returning to the asymmetric catalysis project, I chose to reevaluate all of the 
previous data by repeating some of the initial ligand screens.  The results listed in Table 
2.9 greatly surprised me. All reactions went to full conversion and many gave a nearly 
quantitative yield (entries 1–5). Reactions mediated by Sc(OTf)3•L2.2 gave a low levels 
of enantioselectivity as well. When the reaction temperature was reduced to #60 ºC, 
ligand L2.2 gave slightly better enantioselectivity.   
Table 2.9a 
 
This unexplained change in the reaction led to several questions about possible 
contaminants and sources of racemization.  In order to ensure that the no racemization of 
the product was occurring under the reaction conditions, 2.79 was synthesized in 
enantiomerically enriched form by Yanagisawa’s method of asymmetric protonation of 
O
+ Ph
N2 10 mol % Sc(OTf)311 mol% L
solvent, T ºC
O
Ph
Entry Ligand Yield(%)
1
2
3
4
5
6
7b
8b
9b
L2.1
L2.2
L2.3
L2.1
L2.2
L2.3
L2.1
L2.2
L2.3
er
rac
rac
rac
rac
53:47
rac
rac
56:43
rac
>98
>98
>98
>98
>98
>98
nd
nd
nd
Solvent T (ºC)
CH2Cl2
CH2Cl2
CH2Cl2
PhMe
PhMe
PhMe
PhMe
PhMe
PhMe
–20
–20
–20
–20
–20
–20
–60
–60
–60
a Reaction conditions: 2.36 was added to a cooled solution of 
premixed catalyst and 2.55 and stirred until the complete 
disappearance of color from diazoalkane was observed. b Run with 
20 mol % Sc(OTf)3 and 22 mol % L.
2.55 2.36 2.79
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silyl enol ethers.61  Thus, a two step sequence was employed (Scheme 2.21) in which 
ketone rac–2.79 was deprotonated with LDA at –78 ºC and quenched with 
chlorotrimethylsilane to give enol ether 2.79a in good yield after column 
chromatography.  Under AgF•(R)–BINAP catalyzed  protonation conditions (R)–2.79 
was isolated in good yield and excellent enantioselectivity.  When (R)–2.79 was treated 
with 2.36 in the absence of catalyst or treated with catalyst in the absence of 2.36 no loss 
of optical activity was seen in the recovered ketone. 
Scheme 2.21 
 
The data lead to the likely explanation that the sudden appearance of both reactivity 
and selectivity was the result of adventitious water in the initial experiments.  The change 
of seasons from the humid summer to dry winter had removed enough water to provide a 
the small amount of selectivity.  Despite the improvement, it did not provide sufficient 
selectivity to build upon and thus a fundamental reexamination of the stereochemical 
model and the properties of the ligand was initiated. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(61) "Enantioselective Protonation of Silyl Enolates Catalyzed by a Binap–AgF Complex." Yanagisawa, 
A.; Touge, T.; Arai, T. Angew. Chem. Int. Ed. 2005, 44, 1546–1548. 
O
Ph  LDA, THF; TMSCl
OTMS
Ph
78%
10 mol % AgF
6 mol % (R)-BINAP
MeOH, CH2Cl2 
–35 ºC
O
Ph
42% yield
>99:1 er
rac-2.79 2.79a (R)-2.79
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2.6b Examination of Sc–Bis(oxazoline) Complexes. When Sc–pybox complex 
Sc•L2.2 and Sc–bis(oxazoline)62 (box) Sc•L2.4 are compared, the perturbation caused by 
excision of the pyridine ring is seen in the distance between the metal center and the 
blocking groups as well as the introduction of a blocking group along the backbone of the 
ligand framework (Figure 2.7). As seen in the top view, the blocking groups are brought 
closer to the Sc center, and the replacement of the pyridine ring with an isopropylidene 
unit is designed to minimize freedom of rotation about the Sc–O bond relative to pybox 
in a catalyst–ketone complex. Figure 2.8 shows depictions of complex 2.104 with 
cyclohexanone bound in the apical position.  Rotation about the O–Sc bond allow for 
isomers 2.104a and 2.104b with little interference from the ligand structure.  By the 
addition of increased steric bulk of the isopropylidene group in complex 2.105, rotational 
isomer 2.105a is destabilized relative to 2.105b.  It was hoped that this perturbation could 
achieve high selectivity while at the same time sacrificing very little in reactivity.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(62) (a) For examples of bix(oxazoline) ligands in asymmetric catalysis, see: "C(2)–Symmetric Chiral 
Bis(Oxazoline) Ligands in Asymmetric Catalysis." Desimoni, G.; Faita, G.; Jørgensen, K. A. Chem. Rev. 
2006, 106, 3561–3651. (b) "An Efficient and General One–Pot Method for the Synthesis of Chiral Bis 
(Oxazoline) and Pyridine Bis (Oxazoline) Ligands." Cornejo, A.; Fraile, J. M.; Garcia, J. I.; Gil, M. J.; 
Martinez–Merino, V.; Mayoral, J. A.; Pires, E.; Villalba, I. Synlett 2005, 2321–2324. 
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Figure 2.7 
 
Figure 2.8 
 
Sc(OTf)3•L2.2 Sc(OTf)3•L2.4
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Chart 2.5 
   
   
   
  
 
An initial screen of commercially available and synthesized box ligands was initiated 
(Chart 2.5).  Because a Sc(box) complex has never been reported in an isolated form, in 
situ generation of the active catalyst was utilized. Table 2.10 shows the Sc(box) 
complexes to be superior to Sc(pybox) – delivering good selectivities and yields.  An 
interesting contrast in selectivity was seen when comparing reactions mediated by L2.4 
and L2.6.  Although both benzyl– and phenyl–substituted ligands L2.4 and L2.5 provide 
N N
OO
PhPh
MeMe
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N N
OO
BnBn
MeMe
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OO
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MeMe
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OO
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OO
PhPh
EtEt
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OO
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OO
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Ph Ph
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promising initial results, L2.6 with its more bulky tert–butyl groups only yield racemic 
material.  Non–bonding interactions between either the triflate counterion or 2.55 and the 
ligand could account for this phenomenon.  The crystal structure reported by Evans and 
coworkers for 2.75•(H2O) (Chart 2.3) shows an elongated Sc–Noxaz bond proximal to the 
triflate.63  The box ligand brings the triflate ligand even closer to the chiral ligand 
backbone and, in the case of L2.6, the strain could destabilize the bidentate nature of the 
complex.  Earlier work by Evans64 has show ligand L2.6 to be effective for the Cu(I)–
catalyzed cyclopropanation of styrenes (Scheme 2.22, 2.105+2.106!2.107).64a 
Subsequent studies of the catalyst for that system showed a rapid equilibrium between 
polymeric ligand–metal complexes and a  1:1 Cu•L2.6 complex.64b   While the Evans 
system remained selective in this fluxional form, it is certainly possible that any new 
geometry imposed in the Sc•L2.6 system could enforce a non–selective pathway. 
Scheme 2.22 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(63) Wu, J. Enantioselective Lanthanide–Catalyzed Mukaiyama Aldol, Carbonyl–Ene, Sakurai–Hosomi, 
and Quinone Diles–Alder Reactions; Evans, D. A.; Harvard University: Cambridge, Ma, 2005; 320 
(64) (a) "Bis(Oxazolines) as Chiral Ligands in Metal–Catalyzed Asymmetric Reactions. Catalytic, 
Asymmetric Cyclopropanation of Olefins." Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. J. 
Am. Chem. Soc. 1991, 113, 726–728. (b) "“Bis (Oxazolines)”as Ligands for Self-Assembling Chiral 
Coordination Polymers—Structure of a Copper (I) Catalyst for the Enantioselective Cyclopropanation of 
Olefins." Evans, D. A.; Woerpel, K. A.; Scott, M. J. Angew. Chem. Int. Ed. 1992, 31, 430–432. 
Ph
N2
OBHT
O
+
2.105 2.106
1 mol % CuOTf
1 mol % L2.6
CHCl3, 25 ºC
Ph
CO2BHT
85% yield
>99:1 er
Evans, JACS, 1991
2.107
N N
O O
t-Bu t-Bu
Me MeCu Cu
non-racemic
helical structure
LL
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Table 2.10 
 
 Entry Solvent Ligand er  
 1 PhMe L2.4 85:15  
 2 CH2Cl2 L2.4 82:18  
 3 CH2Cl2 L2.5 83:17  
 4 PhMe L2.6 rac  
 5 CH2Cl2 L2.6 rac  
 6 PhMe L2.7 rac  
 7 PhMe L2.8 83:17  
 8 PhMe L2.9 rac  
 9 CH2Cl2 L2.9 rac  
 10 PhMe L2.10 89:11  
 11 PhMe L2.11 59:41  
 12 CH2Cl2 L2.11 rac  
 13 PhMe L2.12 60:40  
 14 PhMe L2.13 52:48  
 15 CH2Cl2 L2.13 rac  
 16 PhMe L2.14 75:25  
 17 CH2Cl2 L2.14 65:35  
   
Fortunately, the modularity of the box ligand structure allows for ligand optimization 
to take place in two quadrants simultaneously.  The “bridging groups” can easily be 
added by alkylation of the unsubstituted ligand backbone  and the “blocking groups” are 
derived from easily attainable chiral 1,2–aminoalcohols.  These methods allowed for the 
synthesis of other box ligands for future screens (Chart 2.6). 
Scheme 2.23 
  
Chart 2.6 
   
O
+ Ph
N2 20 mol % Sc(OTf)322 mol% L
solvent, –78 ºC
O
Ph
2.55 2.36 2.79
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  !
The synthesis of a 2–naphthylglycine derived ligand was selected in an attempt to 
augment the selectivity exhibited by ligands L2.4 and L2.5.  The synthesis of ligand 
L2.15 65  commenced with the Sharpless asymmetric aminohydroxylation 66  of 
vinylnaphthalene 2.108 (Scheme 2.24).  Deprotection of  N–boc aminoalcohol 2.109 
followed by EDC mediated amide formation gave diamide 2.110 in a 28% yield.  The 
unexpectedly low yield was not further optimized.  Finally, 2.110 was cyclized by the 
procedure of Evans to give ligand L2.15 in good yield.64,67  With a small amount of 
L2.15 in hand, the homologation was run according to the usual procedure, but a 
disappointing 79.5:20.5 er was obtained.  The results of L2.15 and L2.6 seemed to 
indicate that a ceiling existed after which limited benefit could be derived from the steric 
size of the blocking groups.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(65) "4–Naphthyl–Substituted Bis(Oxazoline): a New, Easily Recoverable and Efficient Chiral Ligand in 
Asymmetric Catalysis of the Diels–Alder Reaction." Crosignani, S.; Desimoni, G.; Faita, G.; Righetti, P. 
Tetrahedron 1998, 54, 15721–15730. 
(66) (a) "N–Halocarbamate Salts Lead to More Efficient Catalytic Asymmetric Aminohydroxylation." 
Sharpless, K.; Li, G.; Angert, H. H. Angew. Chem. Int. Ed. Eng. 1996, 35, 2813–2817. (b) "From Styrenes 
to Enantiopure Alpha–Arylglycines in Two Steps." Reddy, K. L.; Sharpless, K. B. J. Am. Chem. Soc. 1998, 
120, 1207–1217. 
(67) "Bis(Oxazolines) as Chiral Ligands in Metal–Catalyzed Asymmetric Reactions. Catalytic, 
Asymmetric Cyclopropanation of Olefins." Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. J. 
Am. Chem. Soc. 1991, 113, 726–728.  
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Scheme 2.24 
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  As the examination of bis(oxazoline) structures wound to a close, and the data was 
analyzed for emerging trends, it became clear that reactions were not behaving in a 
reproducible fashion.  A reaction ofe Sc•L2.4 returned 2.79 in a 88.5:11.5 er in the late 
winter, but when run again as the spring progressed and the weather became more humid, 
the reaction returned only racemic 2.79.  While different hypotheses were proposed to 
account for this variability, the diligent efforts of Victor Rendina, isolated the problem.  
Once again, water contamination had caused sluggish and unselective reactions.  After 
tedious optimization Victor was able to effectively exclude water from all components of 
the reaction: ketone, diazoalkane solution, ligands, and scandium(III) triflate.   
Exclusion of water from the diazoalkane solution proved to be a particular challenge 
after the method of synthesis was modified to include an aqueous workup.  Although the 
aqueous workup introduced water to the solution, it was necessary to remove any traces 
of triethylamine hydrochloride and DMSO from the solutions.  Rapid drying over of the 
organic phase over K2CO3, filtration, and removal of solvents under vacuum yielded the 
diazo compounds.  Transfer of the diazoalkane in toluene and cooling to –78 ºC yielded a 
crude diazo solution.  In the event that K2CO3 was not sufficiently drying the solution, it 
became cloudy or ice crystals precipitated.  Gravity filtration at –78 ºC under inert 
atmosphere and storage over 3Å molecular sieves allowed for isolation of a dry solution 
of diazoalkanes.   
The improved synthetic methods developed by Victor and purity of the reagents 
allowed for more effective screening of reaction conditions.  Table 2.11 shows screens 
conducted by Victor Rendina in order to identify optimal conditions for enantioselective 
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ring expansion.  The asymmetric induction is greatly augmented, as seen in these 
reactions, by the rigorous exclusion of water from reaction components.  Entry 17 
represents one of the initial hits which was improved from 83:17 to 90:10 enantiomeric 
ratio after optimization. 
Table 2.11 
 
Entrya Mol% Sc(OTf)3 Mol% L2.5 
Equiv 
2.55 Solvent Additive 
temp 
(ºC) er
b Yield 
(%) 
1 10 11 1.1 CH2Cl2 THF –78 84.5:15.5 99 
2c 10 11 1.2 CH2Cl2 3Å MS/ THF –78 84:16 99 
3c 10 11 1.2 CH2Cl2 4Å MS/ THF –78 84.5:15.5 quant 
4 10 11 1.5 CH2Cl2 THF –78 83.5:16.5 quant 
5 10 11 2.0 CH2Cl2 THF –78 83.5:16.5 98 
6 10 11 4.0 CH2Cl2 THF –78 83:17 95 
7 10 11 1.2 MeCN – –78 – nr 
8 10 11 1.2 Et2O – –78 75:25 nd 
9 10 11 1.2 PhMe THF –78 91:9 93 
10 10 11 1.2 PhMe THF –90 92.5:7.5 nd 
11 10 11 1.2 PhMe MeCN –78 90.5:9.5 nd 
12 10 11 1.2 PhMe Et2O –78 90.5:9.5 nd 
13 10 11 1.2 PhMe DME –78 91:9 nd 
14 10 11 1.2 PhMe 2,6–lut –78 72.5:27.5 nd 
15 10 11 1.2 PhMe pyr –78 57.5:42.5 nd 
16 10 11 1.2 PhMe NaOTf –78 90.5:9.5 nd 
17 10 11 1.2 PhMe – –78 90:10 nd 
18 10 5.5 1.2 PhMe THF –78 90.5:9.5 nd 
19 5 22 1.2 PhMe THF –78 90.5:9.5 nd 
a 0.1M in solvent with 25 mol % additive and 1 equiv 2.36. b Determinded by chiral SFC analysis. c Run with 18 mg of 
powdered molecular sieves and 25 mol % THF. 
The additive screen was inspired by early experiments in Sc•box formation.  The use 
of THF as solvent or additive in the catalyst formation greatly enhanced the rate of 
complexation (judged by solvation of Sc(OTf)3).  However, it did leave open the 
O
+ Ph
N2 Sc(OTf)3Ligand
solvent, temp
O
Ph
2.55 2.36 2.79
*
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possibility that the active catalyst in those reactions was a THF adduct.  After the 
extensive screen of conditions, however, no benefit from additives could be seen.  Having 
isolated optimal conditions for reagent preparation and for the reaction, a wider screen of 
Sc(box) complexes could be screened to isolate an optimal catalyst structure.   
Table 2.12 
 
Entrya Ligand erb Entrya Ligand erb 
1 L2.4 85:15 8 L2.14 87:13 
2 L2.5 93:7 9 L2.16 89:11 
3 L2.6 rac 10 L2.17 56:44 
4 L2.7 91:9 11 L2.18 85.5:14.5 
5 L2.8 89:11 12 L2.19 53.5:46.5 
6 L2.12 91:9 13 L2.20 91:9 
7 L2.13 58.5:41.5    
a 0.1 M in PhMe, 25 mol % THF additive. b Determined by chiral SFC 
analysis. 
As seen in Table 2.12, the effects of bridging groups and blocking groups were 
thoroughly explored.  Although Davies and coworkers observed a positive trend in the 
Cu(II)–catalyzed enantioselective Diels–Alder utilizing L2.16–L2.19 (Table 2.13),68b 
cyclic bridging groups68 proved to be ineffective at augmenting selectivity. Davies and 
coworkers noted that as ' increased as a consequence of the bridging group, a sharp rise 
in enantioselectivity followed. Using ' as a rough indicator or the ligand–metal bite 
angle, Davies was able to draw a conclusion concerning the importance of this 
interaction. Entries 9–12 in Table 2.12, however, show an inconsistent trend based on '.  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(68) (a) "Effect of Ligand Structure in the Bisoxazoline Mediated Asymmetric Addition of Methyllithium 
to Imines." Denmark, S. E.; Stiff, C. J. Org. Chem. 2000, 65, 5875–5878. (b) "The Influence of Ligand Bite 
Angle on the Enantioselectivity of Copper(II)–Catalysed Diels–Alder Reactions." Davies, I.; Gerena, L.; 
Castonguay, L.; Senanayake, C.; Larsen, R.; Verhoeven, T.; Reider, P. Chem. Commun. 1996, 1753–1754. 
O
+ Ph
N2 10 mol % Sc(OTf)311 mol % Ligand
PhMe, –78 ºC
O
Ph
2.55 2.36 2.79
*
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While L2.16 and L2.18 gave product in relatively high selectivity, L2.17 and L2.19 yield 
nearly racemic material.  Despite myriad ligands that achieved moderate selectivities, 
none were able to surpass 91:9 er.   
Table 2.13 
 
 
 
 
Ligand Φ(º) % ee endo (S) endo:exo 
 
L2.21a 110.6 96.3 44:1 
L2.21b 108.0 92.0 38:1 
L2.21c 105.8 89.5 37:1 
L2.21d 103.7 53.0 26:1 
L2.20 104.7 82.5 49:1 
    
 
 
Having achieved maximum efficiency and selectivity with Sc(box) complexes, our 
efforts turned towards reanalyzing the shortcomings of the stereochemical model in the 
hopes of designing a new ligand framework for effective ketone homologation.  
2.6c Psuedo–C3–Symmetric Tris(oxazoline) Ligands in Enantioseelctive Ketone 
Homologation. The goal of designing a catalytic asymmetric ketone homologation had 
matured through the development of an effective ligand system and then to optimization 
of reaction conditions for maximum selectivity and yield.  During the course of the 
project development, lessons about the stability of the Sc–ligand complex were learned 
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during failed crystallization attempts of Sc(box) complexes.69  When Sc(box) complexes 
are compared to Sc(pybox) complexes by 1H NMR analysis, the difference in ligand 
affinity on the NMR timescale is clear.  Figure 2.9  shows the 1H NMR spectra of (a) 
L2.2  and (b) Sc(OTf)3•L2.2  in CDCl3.  The Sc(box) complex behaves quite differently 
however, on the NMR timescale.  Figure 2.9 shows (c) L2.4 in CD3CN  and (d) 
Sc(OTf)3•L2.4 complex also in CD3CN.  In this polar medium, a well defined structure is 
observed at room temperature.  By contrast, (e) Sc(OTf)3•L2.4 in CDCl3 shows multiple 
signals and line–broadening characteristic of rapid ligand exchange (on/off) or ill–defined 
Sc–ligand aggregates.  The pyridyl ring in pybox likely increases binding affinity to 
Sc(III), but as shown in screens, could also be deleterious to reactivity and selectivity.  
While designing a new ligand structure, the positive effects of increased binding affinity 
were weighed with the positive trends in selectivity shown by the box ligand backbone. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(69) To date none are reported in the literature. 
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Figure 2.9 
 
(a)  L2.2 (CDCl3)  (b) Sc(OTf)3•L2.2 (CDCl3)  (c) L2.4 (CD3CN) (d) Sc(OTf)3•L2.4  (CD3CN) (e) Sc(OTf)3•L2.4  (CDCl3) 
In order to add an additional site of ligation for the ligand and improve binding 
affinity, a third oxazoline group was appended to the backbone of the ligand structure 
with a methylene linker.  In this way, the working stereochemical model for the 
asymmetric addition would remain unchanged as the oxazoline would occupy the apical 
position trans to the electrophile.  The methylene linker would also allow for catalyst to 
exist in a possible resting and active form through an on/off ligation of the auxiliary 
oxazoline.   
CH2Cl2
(a) (b)
(c) (d) (e)
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Scheme 2.25 
 
These pseudo–C3–symmetric70 and C3–symmetric tris(oxazoline)71 (trisox) ligands 
have seen infrequent use in synthetic chemistry, though examples exist where, as in our 
case, the trisox ligand was used as an isostere for a pybox ligand.72  Synthesis of trisox 
ligands such as L2.21 (Scheme 2.25) fits into the modular strategy of box ligand 
synthesis by intercepting intermediate 2.111.  Alkylation of the backbone followed by 
addition of the third arm allows for multiple patterns of substitution for screening.73  
Scheme 2.7 shows a collection of trisox ligands synthesized by this method. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(70) (a) "Sidearm Effect: Improvement of the Enantiomeric Excess in the Asymmetric Michael Addition of 
Indoles to Alkylidene Malonates." Zhou, J.; Tang, Y. J. Am. Chem. Soc. 2002, 124, 9030–9031. (b)  
(71) (a) "A Modular Approach to C1 and C3 Chiral N-Tripodal Ligands for Asymmetric Catalysis." 
Bellemin–Laponnaz, S.; Gade, L. H. Angew. Chem. Int. Ed. 2002, 41, 3473–3476. (b) "Exploiting 
Threefold Symmetry in Asymmetric Catalysis: the Case of Tris(Oxazolinyl)Ethanes (“Trisox”)." Gade, L. 
H.; Bellemin–Laponnaz, S. Chem.–Eur. J. 2008, 14, 4142–4152. (c) For a general review about C3–
symmetry in asymmetric catalysis, see: "C3 Symmetry in Asymmetric Catalysis and Chiral Recognition." 
Moberg, C. Angew. Chem. Int. Ed. 1998, 37, 248–268. 
(72) "Asymmetric Nazarov Reaction Catalyzed by Chiral Tris(oxazoline)/Copper(II)." Cao, P.; Deng, C.; 
Zhou, Y.–Y.; Sun, X.–L.; Zheng, J.–C.; Xie, Z.; Tang, Y. Angew. Chem. Int. Ed. 2010, 49, 4463–4466. 
(73) "Sidearm Approach: A Promising Strategy for Construction of Bis(oxazoline)–Based Ligand 
Library." Zhou, J.; Ye, M.–C.; Tang, Y. J. Com.b Chem. 2004, 6, 301–304. 
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Chart 2.7 
! ! !
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The results of ketone homologation using the trisox ligands are shown in Table 2.14. 
A modest increase in selectivity is seen for many of the ligands.  The proof of principle 
lead us to consider exactly why the additional oxazoline had increased selectivity – albeit 
in a minor way.  My initial hypothesis stated that the Sc(box) complex undergoes rapid 
interconversion in solution due to weak ligand binding.  Adding a third point of ligation 
could certainly account for an increase in affinity and complex stability, but that was not 
borne out by 1H NMR experiments.  The NMR spectra of the Sc(trisox) complexes 
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formed in solution also showed ill–defined structures characterized by line broadening 
and are consistent with complex coordination equilibria.  That being said, such 
interconversion at room temperature on the NMR time scale would certainly not preclude 
a monomeric active catalyst during reaction.  Further studies would need to be performed 
to in order to fully understand the reaction pathway and stereochemical outcome. 
Table 2.14 
 
  Entrya Ligand erb   
  1 L2.22 91:9   
  2 L2.23 95:5   
  3 L2.24 94.5:5.5   
  4 L2.25 93.5:6.5   
  5 L2.26 91:9   
  6 L.2.27 93:7   
  7 L2.28 91:9   
  
a 0.1 M in PhMe, 25 mol % THF 
additive. b Determined by chiral 
SFC analysis. 
  
Interesting future experiments for this model system could probe not just the steric 
nature of the ligand arm, but also the effects of modifying its electronic character.  
Appending groups such as pyridyl or pyridyl–oxide could provide further insight into the 
nature of the active catalyst.  Analysis of the Sc(trisox) complex in the solid state would 
be particularly helpful if the proper active ligand could be found that was capable of 
providing X–ray quality crystals.  Kinetic experiments that reveal the molecularity of the 
selective reaction would also provide understanding of factors at play during productive 
and selective reactions. 
O
+ Ph
N2 10 mol % Sc(OTf)311 mol % Ligand
PhMe, –78 ºC
O
Ph
2.55 2.36 2.79
*
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Having identified optimal trisox ligand L2.23, analysis of the substrate scope was 
undertaken.74  As Table 2.15 shows, ring expansion of various ring sizes by Sc(trisox) 
complexes delivers high yields and enantioselectivities.  It is of note that medium ring 
synthesis was especially effective (entries 5–12).  Both steric and electronic perturbations 
of the diazo nucleophile are well tolerated (entries 6–11), and yields are consistently 
high.  Perhaps unsurprisingly, the application of ring expansion to cyclopentanone (entry 
2) was ineffective, and only a complex mixture was returned as the product 
cyclohexanone is more reactive than the starting material. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(74) These reactions were carried out by Victor Rendina 
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Table 2.15 
 
Entry Electrophile Diazoalkane Product Yielda erb 
1 
   
>98 85.5:14.4 
2 
   
<2 nd 
 
   
  
3    2.113a  G = p–Me 2.116a G = p–Me 96 94:6 
4  b G = m–Br b G = m–Br >98 94.5:5.5 
5 
   
  
    2.113a G = H   2.117a G = H >99 98:2 
6  b G = p–Me b G = p–Me >98 98.5:1.5 
7  d G = m–OMe d G = m–OMe >98 97:3 
8  e G = p–CF3 e G = p–CF3 78 98:2 
9c  f G = o–Br f G = o–Br 85 92.5:7.5 
10c  g G = o–Me g G = o–Me 97 93.5:6.5 
11c  
  
94 93:7 
12d 
 
 
 
>98 93:7 
a Isolated yields after purification. b Determined by chiral SFC analysis. c Run with ligand L2.20. d Run at –45 ºC. !
O O10 mol % Sc(OTf)311 mol % L2.23
PhMe, –78 ºC
+
Ar N2 H
H
Ar
O
N2
O
H 2.115
O
N2
O
H
O
N2
G
O
GH
O
N2
G
O
G
H
N2
2.114
O H
2.118
O
N2
O
H 2.119
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At the outset, the goal of finding an efficient catalyst for ketone homologation with 
diazoalkanes seemed a daunting challenge give the nature of these versatile yet sensitive 
reagents.  After modest success with Brønsted acid promotion, a mild and efficient Lewis 
acid, Sc(III) triflate, was found to be a particularly effective catalyst for reaction of aryl 
diazomethanes and ketones.  Other Sc(III) salts proved effective for more sensitive 
functionality, allowing for a tunable catalyst system based on ligand structure and 
electronic nature.  Further, the choice of Sc(III) allows for access to chiral Sc(III) 
complexes for asymmetric catalysis in good to excellent enantioselectivities for the 
synthesis of medium ring ketones. These initial data have the potential to spur further 
research and uncover more effective catalysts–ligand systems with a broader substrate 
scope of ketone and diazoalkane.  Future studies into the mechanism of reaction and 
stereoinduction could help to unlock the necessary perturbations for these improvements.  
2.7 Regioselective Ring Expansion of Aryl Cyclobutanones, 
The single carbon homologation of cyclic ketones represents one of the most 
enabling transformations in synthetic organic chemistry, and its history has been 
described briefly in both chapters one and two.  While a ring expansion by a single 
methylene unit offers access to a host of products from diverse starting materials, the 
reaction has only seen limited use in total synthesis due to a lack of predictable 
regioselectivity.  Empirically derived migratory aptitudes (phenyl  ~ vinyl > methyl > n-
propyl > isopropyl  benzyl > tert-butyl) differ widely from the  accepted trends observed 
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for Baeyer-Villager oxidation, Criegee, and pinacol rearrangements75 and fail to reliably 
achieve the levels of selectivity needed for complex total synthesis. While some 
strategies rely on "electronic blocking groups" such as !,!-dichloro ketones,76 the direct 
conversion of a cyclic ketone to the higher homolog by a general, controllable method 
remains an unsolved problem.   
Historically, chemists used diazomethane to carry out this transformation 
necessitating large excesses of reagent due to competitive decomposition to 
polymethylene.  An example from Jaz and coworkers shows that multiple products of 
addition are also formed giving a mixure of homologs (Scheme 2.26).77  Shioiri’s use of 
trimethylsilyldiazomethane provided the ability to use fewer equivalents of the diazo 
reagent while increasing the yield of desired homologs such as 3.2a–d (Scheme 2.27).78   
Scheme 2.26 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(75) (a) "Experimental Support for the Primary Stereoelectronic Effect Governing Baeyer-Villiger 
Oxidation and Criegee Rearrangement." Goodman, R.; Kishi, Y. J. Am. Chem. Soc. 1998, 120, 9392–9393. 
(b) "Theoretical Study of the Reaction Mechanism and Migratory Aptitude of the Pinacol 
Rearrangement." Nakamura, K.; Osamura, Y. J. Am. Chem. Soc. 1993, 115, 9112–9120. (c) "The 
Stereochemistry of the Perbenzoic Acid Oxidation of Optically Active exo-Acetylnorbornane." Berson, J. 
A.; Suzuki, S. J. Am. Chem. Soc. 1959, 81, 4088–4094. 
(76) “A Versatile Three-Carbon Annelation. Synthesis of Cyclopentanones and Cyclopentanone 
Derivatives from Olefins.” Greene, A. E.; Deprés, J.-P. J. Am. Chem. Soc. 1979, 101, 4003– 4005. 
(77) "Reactions Des Diazoalcanes Sur Les Cyclanones I. Action Du Diazomethane Sur La 
Cyclobutanone." Jaz, J.; Davreux, J. P. Bull. Chim. Soc. Belg. 1965, 74, 370–379. 
(78) "New Methods and Reagents in Organic-Synthesis. 18. Homologation of Ketones with 
Trimethylsilyldiazomethane (TMSCHN2)." Hashimoto, N.; Aoyama, T.; Shioiri, T. Chem. Pharm. Bull. 
1982, 30, 119–124. 
O O
O O
Product Ratio
(58 : 17 : 25)
BF3 • Et2O
CH2N2
Jaz, Bull Chim Soc Belg, 1965
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Scheme 2.27 
 
Even with improved reagents for methylene insertion, examples exist in the recent 
literature that illustrate the need for reliable catalysts capable of high levels of reactivity 
and selectivity.  Snyder’s total synthesis of rippertenol79 (3.7) illustrates this point well.  
As part of the synthetic strategy, tricycle 3.3 is converted to 3.4 utilizing an inverse-
demand Diels-Alder strategy that successfully sets three stereocenters simultaneously 
(Scheme 2.28).  After other manipulations, the six-membered ring created during the 
Diels-Alder reaction is homologated yielding the tetracyclic core of the target molecule 
(3.5!3.6).  Although the strategy allows for the first reported synthesis of 3.7, the ring 
expansion is low yielding even in the presence of stoichiometric amounts of a BF3•OEt2.  
The author notes that other catalyst/promoter systems fail to facilitate the desired 
homologation. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(79) "A Concise, Stereocontrolled Total Synthesis of Rippertenol." Snyder, S. A.; Wespe, D. A.; Hof, von, 
J. M. J. Am. Chem. Soc. 2011, 133, 8850–8853. 
R1
O
R2 TMS H
N2
2.120
+
R1
O
R2
O
O
t-Bu
O
Me57%
(33%)
70%
(55%)
69%
(10%)
80%
(5%)
Using 2.120
(CH2N2)
BF3•OEt2
CH2Cl2 Yield:
2.121a
2.121b
2.121c
HO
2.121
2.121d
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Scheme 2.28 
 
Though Snyder’s synthesis represents a less than ideal outcome, other groups have 
successfully utilized homologation in order to access target molecules (Chart 2.8).80  
These examples, however, represent the exception rather than the rule. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(80) (a) "A Versatile Three-Carbon Annelation. Synthesis of Cyclopentanones and Cyclopentanone 
Derivatives From Olefins." Greene, A. E. J. Am. Chem. Soc. 1979, 101, 4003–4005. (b) "Selective 
Homologation of Ketones and Aldehydes with Diazoalkanes Promoted by Organoaluminum Reagents." 
Yamamoto, H.; Maruoka, K.; Concepcion, A. B. Synthesis 1994, 1283–1290. (c) "Effect of "-Substituents 
on the Regioselectivity of the Diazomethane Ring Expansion of !-Methyl-!-Methoxycyclobutanones to 
Cyclopentanones." Reeder, L. M.; Hegedus, L. S. J. Org. Chem. 1999, 64, 3306–3311. (d) "Synthesis and 
Biological Activity of 6a-Carbabrassinolide: B-Ring Homologation of 6-Oxo-Steroid to 6-Oxo-7a-
Homosteroid with Trimethylsilyldiazomethane-Boron Trifluoride Etherate." Seto, E.; Fujioka, S.; Koshino, 
H.; Hayasaka, H.; Shimizu, T.; Yoshida, S.; Watanabe, T. Tetrahedron Lett. 1999, 40, 2359–2362. (e) "A 
Ring Expansion Strategy in Antiviral Synthesis: A Novel Approach to TAK-779." Smalley, T. L., Jr Synth. 
Commun. 2004, 34, 1973–1980. (f) "Oxiranyl Anions in Organic Synthesis: Application to the Synthesis 
of Hemibrevetoxin B." Mori, Y.; Yaegashi, K.; Furukawa, H. J. Am. Chem. Soc. 1997, 119, 4557–4558. 
O
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Chart 2.8 
 
2.8 Single Carbon Homologation of Cyclic Ketones 
As stated in the introduction, the single carbon homologation of ketones using 
diazomethane is a historically inefficient reaction owing to the lack selectivity of 
diazomethane.  Clearly, without the ability to accurately predict high levels of selectivity, 
the value of the methylene insertion reaction is highly diminished.76,80 Shioiri's use of 
trimethylsilyldiazomethane (3.1)81 marked a key improvement to this reaction leading to 
increased yields when compared to diazomethane (Scheme 2.27).  Reaction scope and 
efficiency on the whole, however, continued to suffer, and only moderate yields were 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(81) "New Methods and Reagents in Organic Synthesis. 10. Trimethylsilydiazomethane (TMSCHN2). a 
New, Stable, and Safe Reagent for the Homologation of Ketones." Hashimoto, N.; Aoyama, T.; Shioiri, T. 
Tetrahedron Lett. 1980, 21, 4619–4622. 
O
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O OMe
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O
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Me
Z H
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O
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O
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H H
H Me
Greene, 1979
(>95:5 rr)
Nuc: CH2N2
Prom: MeOH
Yamamoto, 1994
(>3:1 rr, 98:2 dr)
Nuc: CH3CHN2
Prom: MAD
Mori, 1997
(4:1 rr)
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Hegedus, 1999
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Me
Me
Me
Me
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returned due to the lack of a suitable catalyst. The reliance on BF3•OEt2 meant that 
competitive diazoalkane decomposition continued to compete with the desired reaction.  
Additionally, the unpredictable and undesirable levels of selectivity meant that the need 
for development of a novel means of catalyst-controlled selectivity remained.  
The success of Sc(III) salts to effect the homologation of cyclic ketones with non-
stabilized diazoalkanes82 inspired our group to apply these catalysts to the investigation 
of methylene insertion by silyl-substituted diazomethanes. Successful catalyst and 
reaction development would be measured by the predictability and value of  
regiochemistry across a variety of substrates in addition to the chemical yield.  As an 
added benefit, the presence of the silyl group offers a synthetic handle for further 
functionalization through a variety of reactions that capitalize on the Si–C or Si–O bond 
furnished through the reaction sequence.83 Finally, through catalyst development, the 
ramifications of ligand substitution and reaction conditions on regiocontrol and product 
distribution would be thoroughly investigated (Scheme 2.29).  Initial investigations were 
undertaken by Jennifer Dabrowski, a graduate student in the Kingsbury laboratory.  
Those initial results will be discussed in order to offer a full description of the project.   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(82) (a) "Catalytic Homologation of Cycloalkanones with Substituted Diazomethanes. Mild and Efficient 
Single-Step Access to !-Tertiary and !-Quaternary Carbonyl Compounds." Moebius, D. C.; Kingsbury, J. 
S. J. Am. Chem. Soc. 2009, 131, 878–879. (b) The successful discovery and development of Sc(III) salts 
for ketone homologation is described in more detail in Chapter 2 of this work. 
(83) (a) "Chiral Organosilicon Compounds in Asymmetric Synthesis." Chan, T. H.; Wang, D. Chem. Rev. 
1992, 92, 995–1006. (b) "The Oxidation of the Carbon-Silicon Bond." Jones, G. R.; Landais, Y. 
Tetrahedron 1996, 52, 7599–7662. (c) "Stereochemical Control in Organic Synthesis Using Silicon-
Containing Compounds." Fleming, I.; Barbero, A.; Walter, D. Chem. Rev. 1997, 97, 2063–2192. 
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Scheme 2.29 
 
 Ring expansion experiments commenced by examining reactions of !-aryl 
cyclobutanones and TMSD to furnish !- or $-aryl cyclopentanones.  !-Aryl 
cylcobutanones represent an ideal model substrate because the tertiary or quaternary 
benzylic carbon is deactivated relative n-alkyl !' position.  In this way the relative 
migratory aptitudes are maximized and product ratios can more accurately reflect effects 
of other reaction components – i.e. substrate substitution patterns, nucleophile 
constitution, catalyst structure, or solvent effects.  Furthermore, 2-arylcyclopentanones 
are not readily available in one step by other means:  arylation of cyclopentanone 
enolates84 requires blocking groups and the synthesis of a quaternary center in order to 
prevent diarylation and racemization respectively, and asymmetric 
epoxidation/rearrangement of benzylidenecyclobutaones 85  also furnishes 2-
arylcyclopentanones, but with a limited substrate scope.  It was our hope at the outset of 
this project that methylene insertion would be broadly applicable to a variety of starting 
material substrate patterns. 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(84) (a) "An Improved Catalyst for the Asymmetric Arylation of Ketone Enolates." Hamada, T.; Chieffi, 
A.; Ahman, J.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 1261–1268. (b) "Enantioselective Alpha-
Arylation of Ketones with Aryl Triflates Catalyzed by Difluorphos Complexes of Palladium and Nickel." 
Liao, X.; Weng, Z.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 195–200. 
(85) "Enantioselective Synthesis of 2-Alkyl-2-Aryl Cyclopentanones by Asymmetric Epoxidation of 
Tetrasubstituted Cyclobutylidene Olefins and Epoxide Rearrangement." Shen, Y.-M.; Wang, B.; Shi, Y. 
Tetrahedron Lett. 2006, 47, 5455–5458. 
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2.2a Substrate Synthesis. The synthesis of an appropriate array of cyclobutanones 
was undertaken by two step sequence of  spiroannelation/rearrangement (Scheme 2.30).86  
By these means a variety of electronic and steric effects could be analyzed in short order. 
Scheme 2.30 
 
2.2b Regioselective Ring Expansion of Arylcyclobutanones with TMSD.  The diligent 
work of Jennifer Dabrowski showed Sc(OTf)3 to be an effective catalyst for methylene 
insertion reactions with TMSD.  Across a variety of electronic modifications to the aryl 
ring (3.8a–g, Table 2.16), the ring expansion proceeded with good selectivities and 
yields.  By quenching the reactions with a mildly basic aqueous solution, enol silane 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(86) (a) "New Synthetic Reactions. Versatile Cyclobutanone (Spiroannelation) and (-Butyrolactone 
(Lactone Annelation) Synthesis." Trost, B. M.; Bogdanowicz J. Am. Chem. Soc. 1973, 95, 5321–5334. (b) 
"New Synthetic Reactions. Synthesis of Cyclobutanes, Cyclobutenes, and Cyclobutanones. Applications 
in Geminal Alkylation." Trost, B. M.; Keely, D. E.; Arndt, H. C.; Bogdanowicz, M. J. J. Am. Chem. Soc. 
1977, 99, 3088–3100.  
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products (3.9) can be isolated.  Conversely, acidic hydrolysis upon workup cleanly 
furnishes cyclopentanones (3.10).   
Table 2.16 
 
Entry Cyclobutanone Major Product regioisomeric ratio Conv(%) Yield(%) 
1 
  
9:1 >98 85 
 2.127a G = H 2.87a G = H    
2 b G = OMe 2.129b G = OMe 8:1 >98 83 
3 c G = CF3 c G = CF3 4:1 >98 73 
4 
  
7:1 >98 76 
5 2.127d G = H 2.87b G = H    
6 e G = OMe 2.87f G = OMe 10:1 78 78 
7 
  
9:1 98 60 
 2.127f 2.87d    
 
2.9 Ligand-Dependent Synthesis of !-Ketosilanes 
Previous studies87 utilizing ReactIR have shown that the reaction of ketone 2.127a 
and 2.120 in the presence of Sc(OTf)3 first yields intermediate 2.132 before Sc(III) 
facilitated 1,3-silyl transfer gives enol silane 2.128a.  The proposed mechanistic pathway 
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(Scheme 2.31) begins with reaction of TMSD and activated Sc(III)-ketone complex to 
furnish $-ketosilane 2.132.  Since protodesilylation of 2.132 occurs (and not 1,3-silyl 
transfer) in the absence of Sc(OTf)3, it was hypothesized that Lewis basic 2.120 serves as 
a shuttle for the trimethylsilyl cation.  If this pathway is indeed operative, it stood to 
reason that a bulkier, less Lewis acidic catalyst could be utilized to arrest the reaction 
sequence before silyl transfer.  Although Sc(acac)3 and Sc(tmhd)3 fail to efficiently 
catalyze the reaction, Sc(hfac)3 (2.131) gives excellent conversions and yields in good 
selectivity (Scheme 2.32).   
Scheme 2.31 
 
Scheme 2.32 
 
After the optimization of reaction conditions for methylene insertion by graduate 
students Jennifer Dabrowski and Andrew Wommack and undergraduate researcher Anne 
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Kornahrens, 87  I undertook efforts to utilize the !-silylketone products for further 
reactions.  The utility of C–Si bonds has also been thoroughly studied83 owing to its 
stability and orthogonal reactivity in the presence of many other common organic 
transformations.  My initial goal was to find an optimized procedure for oxidation of the 
nascent C–Si bond furnished by the reaction of silyldiazomethane 2.130 in the presence 
of catalyst 2.131 (Scheme 2.33). 
Scheme 2.33 
 
With $-ketosilane 2.132 in hand, I surveyed conditions for the single step conversion 
of 2.132 to !-hydroxyketone 2.134 (Scheme 2.34). Unfortunately, the labile nature of the 
C–Si bond under acidic conditions led exclusively to protodesilylation.  In order to 
reduce the propensity for protodesilylation, 2.132 was first reduced to !-hydroxysilane 
3.16 with aluminum reagent 2.136 under carefully controlled conditions of temperature to 
maximize selectivity.  Other reductants such as DIBAL-H, LAH, and Red-Al gave 
inconsistant or undesirable selectivities.  After stereoselective reduction of 2.132, 
acetoxylation was necessary for efficient oxidation to 2.137a and 2.137b by Hg(OAc)2 in !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(87) The optimization efforts of Jennifer Dabrowski, Andrew Wommack, and Anne Ko are described 
here: "Catalytic and Regioselective Ring Expansion of Arylcyclobutanones with 
Trimethylsilyldiazomethane. Ligand-Dependent Entry to Beta-Ketosilane or Enolsilane Adducts." 
Dabrowski, J. A.; Moebius, D. C.; Wommack, A. J.; Kornahrens, A. F.; Kingsbury, J. S. Org. Lett. 2010, 
12, 3598–3601. 
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peracetic acid.  Though the acidic reaction conditions of oxidation led to acyl transfer, 
simple methanolysis in basic medium delivered diol 2.138 in good yield.  All 
transformations from 2.132 to 2.138 were carried out without the need for purification 
with an average yield of 86%. 
Scheme 2.34 
 
The relative stereochemistry of 2.132 was of particular interest as it could shed light 
on the important factors leading to high levels regioselective C–C bond migration.  
Through analysis of the 1H NOE data, a syn relationship was observed between the bulky 
silyl group and the methyl substituent. Interestingly, the relative stereochemistry of 2.132 
could only arise through attack of diazoalkane syn to the phenyl ring 
(2.127a+2.130!2.132, Scheme 2.35).  Although counterintuitive, in six-membered rings, 
quaternary centers bearing both phenyl and methyl substituents are known to favor a 
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conformation in which the phenyl group occupies the axial position.88  Calculations88b 
have shown this is due to the ability of the phenyl ring to orient itself perpendicularly to 
the Cring–CMe bond thereby minimizing transannular non-bonding interactions (Figure 
2.10). Attack of the diazo nucleophile according to the Bassindale model89 would then 
provide access to the observed stereochemistry as shown in Scheme 2.35.   
Scheme 2.35 
 
Figure 2.10 
 
Although the Snyder synthesis of rippertenol79 alludes to the fact that more research 
is needed, the current work demonstrates the benefits of Sc(III) catalysis for methylene 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(88) (a) “Conformational Analysis. LXXVIII. The Conformation of Phenylcyclohexane, and Related 
Molecules.” Allinger, N. L.; Tribble, M. T. Tetrahedron Lett. 1971, 3259–3262. (b) “Rotational 
Conformation of the Phenyl Moiety in Geminally Substituted Phenylcyclohexanes with Equatorial Phenyl.” 
Hodgson, D. J.; Rychlewska, U.; Eliel, E. L.; Manoharan, M.; Knox, D. E.; Olefirowicz, E. M. J. Org. 
Chem. 1985, 50, 4838–4843. 
(89) "The Prediction of Sterochemical Outcome of Reactions Between Prochiral Carbanions and 
Prochiral Carbonyl Compounds in the Absence of Chelation Control." Bassindale, A. R.; Ellis, R. J.; Lau, 
J. C.-Y.; Taylor, P. G. Chem. Commun. 1986, 98–100. 
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insertion reactions. The goal of bridging Sc(III) catalysis from homologations that utilize 
non-stabilized diazoalkanes to those of methylene equivalants was accomplished.   
Simple modification of the catalyst and/or reaction conditions allows for access to three 
possible products: $-ketosilane, enol silane, or !-arylcyclopen,tanones in high yields and 
good regioselectivities across a broad substrate scope.  $-Ketosilane products may be 
converted to diols in a stereoselective fashion in a highly efficient four step sequence 
with only one purification. 
2.10 Experimentals 
Infrared spectra were recorded on a Bruker Alpha–p spectrometer. Bands are 
reported as strong (s), medium (m), weak (w), and broad (br). 1H NMR spectra were 
recorded on a Varian VNMRS (400 MHz) or VNMRS (500 MHz) spectrometer 
spectrometer. Chemical shifts are reported in ppm from tetramethylsilane with the solvent 
resonance as the internal standard (CHCl3: ) 7.26). Data are reported as follows: chemical 
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = 
multiplet), coupling constants (Hz), and integration.  19F NMR were recorded on a Varian 
VNMRS (376 MHz) spectrometer and are unreferenced. 13C NMR were recorded on a 
Varian VNMRS (100 MHz) or Varian VNMRS (125 MHz) spectrometer with complete 
proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent as the internal reference (CDCl3: ) 77.16). High–resolution mass spectra were 
obtained at the Boston College Mass Spectrometry Facility.  Supercritical fluid 
chromatography (SFC) data were obtained on a Berger Instruments system using Daicel 
CHIRALPAK® AS–H or AD–H columns (* 4.6 mm, 25 cm length).  
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Unless stated otherwise, all reactions were carried out in flame–dried glassware 
under an atmosphere of nitrogen in dry, degassed solvent with standard Schlenk or 
vacuum–line techniques. THF, Et2O, toluene, CH2Cl2, DMF, pentane, and hexanes were 
dispensed from a Glass Contour solvent purification system custom manufactured by SG 
Waters, LLC (Nashua, NH). Triisopropylsilylhydrazine was prepared as previously 
described.8  All90 commerical reagents were purified prior to use according to known 
procedures.91   
Column chromatography was performed with EMD silica gel 60 (230–400 mesh) 
and driven with compressed air. Analytical TLC was carried out with EMD silica gel 60 
F254 precoated plates (250 µm thickness) and a ceric ammonium molybdate or potassium 
permanganate stain for spot visualization.  
 Experimentals and spectroscopic data are presented in the order in which they 
appeared in this document, listed numerically.  Known compounds prepared according to 
literature procedures are referenced within the text. 
 
Representative procedure for the synthesis of TIPS hydrazones.  A 50 mL round 
bottom flask equipped with a Teflon–coated stir bar and a jointed vacuum adapter was 
charged with powdered 4 Å molecular sieves (4 g) and then flame–dried under vacuum. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(90) Scandium triflate (99%) was purchased from Aldrich and then finely powdered and dried at 200 ºC 
over P2O5 for 24 hours under high vacuum (0.1 mmHg). 
(91) Chai, C.; Armarego, W. L. F. Purification of Laboratory Chemicals; 5th ed.; Butterworth–Heinemann: 
Burlington, Ma, 2003. 
O
H2N
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After backfilling with nitrogen, the vacuum adapter was swapped for a rubber septum, 
and 2–cyclohexen–1–one (1.06 g, 11.0 mmol, 1.0 equiv) and THF (22 mL) were added 
successively with stirring. The suspension was then cooled to 0 °C, and 
triisopropylsilylhydrazine (2.08 g, 11.0 mmol, measured by mass difference into a gas 
tight syringe) was slowly added dropwise using a syringe pump (2 h). After 30 min of 
additional stirring, the mixture was filtered through a pad of celite in a sintered glass 
Schlenk filter into a dry 100 mL round bottom flask cooled to 0 oC. The original flask, 
molecular sieves and celite were washed with two additional 10 mL portions of cold 
Et2O. The resulting homogeneous filtrate was concentrated on a rotovap equipped with 
an oil–free diaphragm pump (3–10 torr), affording 2.90 g (11.0 mmol, >98%) of 2–
cyclohexen–1–one N–triisopropylsilylhydrazone as a colorless oil (~3:2 E:Z mixture, 
>98% pure by 1H NMR analysis). If not used directly in the subsequent oxidation, this 
material was stored under nitrogen at –20 °C. 
1,4-Cyclohexanedione mono(2,2-dimethyl-
trimethylene ketal) (2.28). Prepared according to the 
general procudure above.  1H NMR (500 MHz, 
CDCl3):92  3.64–3.39 (m, 4H), 2.46 (ddd, J = 21.8, 13.0, 4.6 Hz, 2H), 2.25 (ddd, J = 35.5, 
7.5, 3.9 Hz, 1H), 2.14 (ap t, J = 2.1 Hz, 1H), 2.03 (ap t, J = 6.5 Hz, 1H), 1.99–1.81 (m, 
2H), 1.25–0.78 (m, 27H).  (IR (thin film): 2954.46 (s), 2864.27 (s), 1717.98 (m), 1466.22 
(m), 1395.21 (w), 1364.19 (w), 1122.26 (s), 1109.47 (s), 1094.28 (s), 1054.65 (m), 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(92) 1H NMR data for TIPS hydrazones are presented with minor diastereomer included and represented 
by a * next the chemical shift.  Integrals of these signals represent values relative to the minor diastereomer. 
O
OMe
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952.76 (w) cm-1.  HRMS (ESI+) Calcd for C20H41N2O2Si+ [M+H]+: 369.2937; Found: 
369.2940. 
Cyclohexanecarbaldehyde N-triisopropylsilylhyrazone 
(2.29).  Prepared according to the general procudure above.  1H 
NMR (500 MHz, CDCl3):92 ) 6.75 (d, J = 5.0 Hz, 1H), 6.21* (d, 
J = 7.0 Hz, 1H), 5.39* (s, 1H), 5.06 (s, 1H), 2.16–2.04 (m, 1H), 1.82–1.66 (m, 4H), 1.65–
1.58 (m, 1H), 1.34–1.10 (m, 8H), 1.05 (d, J = 6.8 Hz, 18H).  IR (thin film): 2926.12 (s), 
2863.58 (s), 1591.57 (w), 1462.52 (m), 1426.33 (m), 1383.49 (w), 1345.45 (w), 1205.15 
(w), 1100.38 (m), 1066.43 (m), 995.40 (w), 882.87 (m) cm-1.  HRMS (ESI+) Calcd for 
C16H35N2Si+ [M+H]+: 283.2670; Found: 283.2557. 
 (Z)- non-6-enal N-triisopropylsilylhyrazone (2.30).  Prepared 
according to the general procudure above.  1H NMR (500 MHz, 
CDCl3):92 ) 6.83 (t, J = 5.3 Hz, 1H), 6.36* (t, J = 5.0 Hz, 1H), 
5.41–5.28 (m, 2H), 5.12 (s, 1H), 2.13 (dt, J = 7.4, 5.3 Hz, 2H), 2.09–1.94 (m, 4H), 1.61–
1.50 (m, 2H), 1.50–1.31 (m, 4H), 1,80–1.09 (m, 3H), 1.06 (d, J = 6.9 Hz, 18H), 0.95 (t, J 
= 7.6 Hz, 3H).  IR (thin film): 3005.70 (s), 2959.65 (s), 2939.65 (s), 2892.18 (s), 2864.39 
(s), 1463.01 (m), 1383.03 (w), 1094.77 (m), 1068.56 (m), 1014.51 (m), 1014.51 (m), 
882.81 (m), 677.18 (m) cm-1.  HRMS (ESI+) Calcd for C18H39N2Si+ [M+H]+: 311.2883; 
Found: 311.2888. 
N
H
N TIPS
2.29
Me N N
H
TIPS
2.30
Chapter 2 
Page 170 
 n-heptaldehyde N-triisopropylsilylhyrazone (2.31).  Prepared 
according to the general procudure above.  1H NMR (500 MHz, 
CDCl3):92 ) 6.83 (t, J = 5.34 Hz, 1H), 6.36* (t, J = 5.0 Hz, 1H), 
5.27 (s, 1H), 5.11* (s, 1H), 2.12 (dt, J = 7.2, 5.4 Hz, 2H), 2.05* (dt, J = 7.4, 5.0, Hz, 1H), 
1.55–1.10 (m, 9H), 1.06* (d, J = 7.1 Hz, 18H), 0.88 (t, J = 7.3 Hz, 3H).  IR (thin film): 
2926.71 (s), 2864.13 (s), 1463.14 (m), 1366.00 (w), 1094.13 (m), 1066.46 (m), 1014.29 
(w), 882.77 (m), 827.77 (w), 675.45 (m) cm-1.  HRMS (ESI+) Calcd for C16H37N2Si+ 
[M+H]+: 285.2733; Found: 285.2733. 
3-(benzyloxy)propanal N-triisopropylsilylhyrazone (2.32).  
Prepared according to the general procudure above.  1H NMR 
(500 MHz, CDCl3):92 ) 7.36–7.26 (m, 5H), 6.90 (t, J = 5.1 Hz, 
1H), 6.44* (t, J = 5.0 Hz, 1H), 5.47* (s, 1H), 5.23 (s, 1H), 4.54* (s, 2H), 4.51 (s, 2H), 
3.65* (t, J = 6.6 Hz, 2H), 3.63 (t, J, 6.7 Hz, 2H), 2.47 (dt, J = 5.2, 5.1 Hz, 2H), 2.39* (dt, 
J = 6.7, 5.2 Hz, 2H), 1.23–1.10 (m, 3H), 1.06 (d, J = 6.9 Hz, 18H).  IR (thin film): 
2941.22 (s), 2863.51 (s), 1495.86 (m), 1362.84 (m), 1247.11 (w), 1207.23 (w), 1094.62 
(s), 1028.32 (m), 1014.19 (m), 918.28 (m), 696.84 (m), 676.94 (m) cm-1.  HRMS (ESI+) 
Calcd for C19H35N2OSi+ [M+H]+: 335.2519; Found: 335.2515. 
N N
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Representative procedure for the synthesis of alkyl diazomethanes.  A flame–
dried 50 mL round bottom flask with a large Telflon–coated stir bar was charged with 2–
cyclohexen–1–one N–triisopropylsilylhydrazone (402 mg, 1.51 mmol, 1 equiv) and 10 
mL of THF. After cooling the colorless solution to 0 oC, 1.51 mL of TBAF (1.0 M in 
THF, 1.51 mmol, 1.0 equiv) was added by syringe, at which point a yellow–orange 
discoloration immediately occurred. The solution was stirred for 10 min and then 
concentrated under reduced pressure. Without purification and in the same vessel, the 
crude hydrazone was freed of residual solvent under vacuum, purged with nitrogen, and 
redissolved in 15 mL of DMF and 4.36 mL 1,1,3,3– tetramethylguanidine (34.7 mmol, 23 
equiv). The resulting light pink solution was cooled to –45 °C (dry ice/acetonitrile bath) 
and Pb(OAc)4, finely powdered and weighed into a large vial in a glovebox (736 mg, 
1.66 mmol, 1.1 equiv) was added in one portion. After 45 min of stirring at –45 °C, 15 
mL of precooled pentane was added and the mixture was stirred vigorously for 1 min. 
The violet pentane layer was removed with a syringe and transferred to a 100 mL pear–
shaped flask cooled to –78 °C. The extraction step was repeated two to three more times 
(15 mL of pentane) until the extract was no longer colored. The combined pentane layers 
were washed once with 15 mL of 30% aqueous potassium hydroxide solution and twice 
with 15 mL portions of saturated aqueous ammonium chloride. In each case, prolonged 
(>30 sec) vigorous stirring was allowed, the aqueous layer was removed by syringe, and 
N N
H
TIPS TBAF
THF, 0 ºC, 10 min
N NH2
Pb(OAc)4
DMF/TMG (3:1)
N2
2.98
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warming above the freezing point (–20 °C) was required for miscibility; these washes 
serve (respectively) to remove residual DMF and tetramethylguanidine from the organic 
extract – a prerequisite for efficient catalytic carbon insertion but not esterification. The 
diazoalkane solution was then transferred with rinsing (freezing the final aqueous wash is 
most convenient) to a 100 mL round bottom and concentrated under high vacuum at –45 
°C to afford 3–diazocyclohexene as a violet solid (prolonged exposure to low pressure 
result in sublimation of the product and diminished yields). The NMR data that follow 
represent direct assay of this material without further purification. IR (PhCH3): 2946 (m), 
2867 (m), 2038 (s), 1247 (m), 885 (m). 1H NMR (400 MHz, CDCl3): ) 6.01 (dt, J = 9.8, 
2.0 Hz, 1H), 5.28 (dt, J = 9.8, 4.0 Hz, 1H), 2.61 (t, J = 6.4 Hz, 2H), 2.08 (ddt, J = 6.0, 
4.0, 2.0 Hz, 2H), 1.77 (dt, J = 6.4, 6.0, 2H). Typically, the solid is immediately 
redissolved in toluene and transferred (quantitatively, with rinsing) by cannula to a 1 mL 
volumetric flask. The active titer is determined by esterification with benzoic acid: 100 
µL of the stock solution was diluted with 1 mL of THF in a 5 mL round bottom flask, 
cooled to –45 °C, and treated with benzoic acid dropwise by syringe (166 µL of 1.0 M in 
THF, 0.166 mmol, 1.1 equiv based on theoretical). Upon slow warming from –45 °C, the 
reaction mixture became colorless and nitrogen evolution was observed. This mixture 
was diluted with Et2O (25 mL) and saturated sodium bicarbonate (25 mL) and transferred 
to a separatory funnel. The aqueous layer was washed with two additional 10 mL 
volumes of Et2O. The organic layers were dried over magnesium sulfate and concentrated 
to a light yellow oil. Purification by silica gel chromatography (TLC Rf = 0.28 in 97:3 
hexanes:ethyl acetate) afforded 12.5 mg of the benzoate ester (41% yield, indicative of a 
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0.62 M stock solution of diazoalkane 25). IR (thin film): 2937 (w), 2867 (w), 1710 (s), 
1451 (w), 1336 (w), 1314 (w), 1266 (s), 1175 (w), 1110 (m), 1069 (w), 1026 (w), 709 (s). 
1H NMR (400 MHz, CDCl3): ) 8.06 (dd, J = 8.2, 1.2 Hz, 2H), 7.55 (dt, J = 7.6, 1.2 Hz, 
1H), 7.43 (t, J = 8.0 Hz, 2H), 6.01 (ddt, J = 10.0, 3.2, 2.0 Hz, 1H), 5.51 (dt, J = 5.2, 1.6 
Hz, 2H), 2.18–1.95 (m, 3H), 1.92–1.80 (m, 2H), 1.75–1.68 (m, 1H). 13C NMR (100 
MHz,CDCl3): ) 166.29, 132.91, 132.82, 130.94, 129.70, 128.36, 125.87, 68.75, 28.63, 
25.26, 19.16. HRMS (ESI+) Calcd for C13H15O2+ [M+H]+: 203.1072; Found: 203.1072. 
1–Diazo–1–phenylethane (2.35). Prepared from acetophenone 
hydrazone according to the known procedure.12  IR (PhCH3): 2038 
(s), 1596 (w), 1501 (w). 1H NMR (400 MHz, CDCl3): ) 7.34 (t, J = 
8.4 Hz, 2H), 7.05 (t, J = 7.2 Hz, 1H), 6.92 (dd, J = 8.8, 1.2 Hz, 2H), 2.17 (s, 3H).   
Phenyldiazomethane (2.36). Prepared from benzaldehyde 
hydrazone according to the known procedure.12 IR (PhCH3): 2975 
(w), 2852 (w), 2062 (s), 1596 (m), 1499 (m), 1381 (m), 1184 (w), 
1068 (m), 913 (w). 1H NMR (400 MHz, CDCl3): ) 7.31 (t, J = 7.6 Hz, 2H), 7.06 (t, J = 
7.6 Hz, 1H), 6.95 (d, J = 7.6 Hz, H), 4.96 (s, 1H). 
1–(2–Methylphenyl)–1–diazoethane (2.37). Prepared from 2’–
methylacetophenone hydrazone according to the known procedure.12  
IR (PhCH3): 2042 (s), 1489 (w), 1433 (w), 1068 (w), 1045 (w). 1H 
NMR (400 MHz, CDCl3): ) 7.27–7.02 (m, 4H), 2.30 (s, 3H), 2.23 (s, 3H). 
N2
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1–Diazo–1,2,3,4–tetrahydronaphthalene (2.38). Prepared from !–
tetralone hydrazone according to the known procedure.12  IR 
(PhCH3): 2036 (s), 2939 (w), 2842 (w), 1489 (m), 1456 (w), 1362 
(w). 1H NMR (400 MHz, CDCl3): ) 7.21 (t, J = 8.0 Hz, 1H), 7.09 (d, J =7.6 Hz, 1H), 
6.96 (t, J = 7.6 Hz, 1H), 6.89 (d, J = 8.0 Hz, 1H), 2.83 (t, J = 6.4 Hz, 2H), 2.75 (t, J = 6.0 
Hz, 2H), 1.93 (m, 2H). 
 (4–Nitrophenyl)diazomethane (2.40). Prepared from 4–
nitrobenzaldehyde hydrazone according to known the procedure.12  
IR (PhCH3): 2071 (s), 1594 (m), 1512 (m), 1333 (s), 1187 (w), 1113 
(w). 1H NMR (400 MHz, CDCl3): ) 8.15 (d, J = 8.8 Hz, 2H), 6.98 (d, J=8.8 Hz, 2H), 5.14 
(s, 1H). 
 (4–Methoxyphenyl)diazomethane (2.41). Prepared by the 
general procedure for the synthesis of aliphatic diazoalkanes by 
way of an intermediate TIPS hydrazone. IR (PhCH3): 2057 (s), 
1512 (m), 1249 (m). 1H NMR (400 MHz, CDCl3): ) 6.87 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 
8.8 Hz, 2H), 4.89 (s, 1H), 3.79 (s, 3H). 
 (S)–8–diazo–2,6–dimethyloct–2–ene (2.53). Prepared by the 
general procedure for the synthesis of aliphatic diazoalkanes by way 
of an intermediate TIPS hydrazone. 1H NMR (400 MHz, CDCl3): )  
N2
2.38
N2
O2N 2.40
N2
MeO 2.41
Me
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Me Me
2.53
Chapter 2 
Page 175 
General procedure for diazo insertion reaction.  In a glovebox, a flame–dried 1 dram 
vial equipped with a Teflon–coated flea stir bar was charged with Sc(OTf)3 (7.4 mg, 
0.015 mmol, 0.10 equiv) and sealed with a rubber septum. In the fume hood, toluene 
(0.65 mL) was added by syringe, suspending but not dissolving the catalyst. After cooling 
the mixture to 0 °C, 4–tert–butylcyclohexanone (23.1 mg, 0.150 mmol, 1.0 equiv) and 
(S)–8–diazo–2,6–dimethyloct–2–ene (2.53) (1.5 M in toluene, 0.110 mL, 0.165 mmol, 
1.1 equiv, solution kept cold at –78 °C) were added in succession to the stirring reaction 
mixture by syringe. The reaction was stirred for 18 h at 23 ºC, at which point the 
characteristic yellow color of the nucleophile had dissipated, leaving a turbid light yellow 
suspension. 
2–phenylcycloheptanone (2.79). Prepared by the general peocedure 
above.  Rf = 0.20 (10% ethyl acetate in hexanes). 1H NMR (CDCl3, 400 
MHz) ) 7.35-7.29 (m, 2H), 7.27-7.21 (m, 3H), 3.73 (dd, J = 11.3, 4.1 
Hz, 1H), 2.70 (ddd, J = 13.3, 13.3, 3.1 Hz, 1H), 2.57-2.49 (m, 1H), 2.20-2.11 (m, 1H), 
2.10-1.91 (m, 4H), 1.72-1.58 (m, 1H), 1.54-1.40 (m, 2H). 13C NMR (CDCl3, 100 MHz) ) 
213.6, 140.5, 128.6, 128.0, 127.0, 58.9, 42.8, 32.1, 30.1, 28.7, 25.4. IR (thin film): 3028 
(w), 2929 (m), 2855 (w), 1702 (s), 1495 (w), 1452 (m), 719 (w), 698 (m) cm#1. HRMS 
(ESI+) Calcd. for C13H17O+ [M+H]+: 189.1279; Found 189.1277. 
1–diazoheptane (2.84). Prepared by the general procedure above. IR 
(PhCH3): 2934 (s), 2864 (s), 2057 (s), 1393 (m), 885 (m). 1H NMR 
O
Ph
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(400 MHz, CDCl3): ) 3.38 (t, J = 5.6 Hz), 2.06 (dt, J = 7.2, 5.6 Hz, 2H) 1.32–1.21 (m, 
8H), 0.84 (t, 7.6 Hz, 3H). 
2–n–hexylcycloheptanone (2.85). Prepared according to general 
procedure on a scale of 0.1 mmol of cyclohexanone (10.5  µL, 1.0 
equiv), 0.2 mmol 2.84 (200 µL, 1.00 M in toluene, 2.0 equiv), and 
0.01 mmol Sc(OTf)3 (4.9 mg, 0.1 equiv) in 86% yield (0.086 mmol, 15.7 mg). TLC Rf = 
0.25 in 9:1 hexanes:ethyl acetate, colorless oil. IR (thin film): 2925 (s), 2854 (m), 1702 
(s), 1455 (m), 935 (w). 1H NMR (400 MHz, CDCl3): ) 2.43–2.27 (m, 3H), 1.76–1.73 (m, 
3H), 1.57–1.41 (m, 3H), 1.24–1.12 (m, 12H), 0.77 (t, J = 6.8 Hz, 3H). 13C NMR (100 
MHz, CDCl3): ) 216.55, 52.61, 42.81, 32.58, 31.89, 31.45, 29.81, 29.54, 28.61, 27.39, 
24.87, 22.78, 14.23. HRMS (ESI+) Calcd for C13H25O+ [M+H]+: 197.1905; Found 
197.1906. 
2–methyl–2–phenylcyclopentanone (2.87a). Prepared according to 
general procedure on a scale of 0.2 mmol of cyclobutanone (15 µL, 1.0 
equiv), 0.3 mmol of 2.35 (630 µL, 0.475 M in toluene, 1.5 equiv) and 
0.02 mmol Sc(OTf)3 (9.8 mg, 0.1 equiv) in 80% yield (0.18 mmol, 30.8 mg). Prepared on 
a scale of 0.1 mmol. TLC Rf = 0.25 in 9:1 hexanes:ethyl acetate, colorless oil. IR (thin 
film): 2966 (m), 2920 (w), 2865 (w), 1737 (s) 1497 (w), 1447 (w), 1405 (w), 1160 (w), 
1050 (w), 1020 (w), 932 (w), 763 (w), 700 (m), 666 (w). 1H NMR (400 MHz, CDCl3): 
) 7.28–7.23 (m, 4H), 7.18–7.13 (m, 1H), 2.61–2.51 (m, 1H), 2.33 (t, J = 7.6 Hz, 2H), 
2.07–1.85 (m, 3H), 1.39 (s, 3H). 13C NMR (100 MHz, CDCl3): ) 220.52, 142.76, 128.65, 
O
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126.74, 126.38, 53.25, 38.29, 37.79, 25.24, 18.91. HRMS (ESI+) Calcd for C12H14O+ 
[M+H]+: 175.1123; Found: 175.1130. 
2–Phenylcyclopentanone (2.87b). In a glovebox, a flame–dried 1 dram 
vial equipped with a Teflon–coated flea stir bar was charged with 
Sc(OTf)3 (7.4 mg, 0.015 mmol, 0.10 equiv) and sealed with a rubber 
septum. Back in the fume hood, toluene (0.65 mL) was added by syringe, suspending but 
not dissolving the catalyst. After cooling the mixture to 0 °C, cyclobutanone (11.0 µL, 
0.150 mmol, 1.0 equiv) and phenyldiazomethane (1.5 M in toluene, 0.110 mL, 0.165 
mmol, 1.1 equiv, solution kept cold at –78 °C) were added in succession to the stirring 
reaction mixture by syringe. The reaction was stirred for 18 h at 23 °C, at which point the 
characteristic red color of the nucleophile had dissipated, leaving a turbid light yellow 
suspension. The reaction mixture was concentrated with a nitrogen purge and purified by 
flash chromatography (TLC Rf = 0.25 in 9:1 hexanes:ethyl acetate) affording 23.6 mg 
(0.147 mmol, 98%) of  as colorless oil. IR (thin film): 1737 (s). 1H NMR (400 MHz, 
CDCl3): ) 7.34 (t, J = 7.3 Hz, 2H), 7.28–7.23 (m, 1H), 7.20 (d, J = 7.0 Hz, 2H), 3.33 (dd, 
J = 8.1, 2.4 Hz, 1H), 2.53–2.45 (m, 2H), 2.34–2.25 (m, 1H), 2.19 (m, 2H), 1.97–1.91 (m, 
1H). 13C NMR (100 MHz, CDCl3): ) 217.93, 138.53, 128.67, 128.21, 126.96, 55.40, 
38.60, 31.90, 21.04. HRMS (ESI+) Calcd for C11H13O+ [M+H]+: 161.0966; Found: 
161.0960. 
2–methyl–2–o–tolylcyclopentanone (2.87c). Prepared according to 
general procedure on a scale of 0.3 mmol of cyclobutanone (22 µL, 1.0 
O
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equiv) and 0.33 mmol of 2.37 (285 µL, 1.16 M in toluene, 1.1 equiv) and 0.03 mmol 
Sc(OTf)3 (14.8 mg, 0.1 equiv) in 72% yield (0.22 mmol, 40.5 mg). TLC Rf = 0.25 in 9:1 
hexanes:ethyl acetate, white solid. IR (thin film): 2965 (m), 2880 (w), 1735 (s), 1490 (w), 
1466 (w), 1407 (w), 1371 (w), 1166 (w), 1149 (w), 1052 (w), 1028 (w), 1010 (w), 754 
(m), 725 (m), 563 (w). 1H NMR (400 MHz, CDCl3): ) 7.32–7.29 (m, 1H), 7.19–7.16 (m, 
3H), 2.56–2.52 (m, 2H), 2.45–2.42 (m, 1H), 2.25 (s, 3H), 2.09–2.03 (m, 2H), 1.98–1.94 
(m, 1H), 1.48 (s, 3H). 13C NMR (100 MHz, CDCl3): ) 221.20, 141.45, 135.69, 132.40, 
127.27, 127.02, 125.98, 53.84, 38.66, 37.02, 22.58, 22.20, 19.11. HRMS (ESI+) Calcd 
for C13H17O+ [M+H]+: 189.1279; Found 189.1281. 
3',4'–dihydro–2'H–spiro[cyclopentane–1,1'–naphthalen]–2–one 
(2.87d). Prepared according to general procedure on a scale of 0.15 
mmol of cyclobutanone (11.2 µL, 1.0 equiv), 0.60 mmol of 2.38 (420 
µL, 1.43 M in toluene, 4.0 equiv) and 0.015 mmol Sc(OTf)3 (7.4 mg, 
0.1 equiv) in 96% yield (0.14 mmol, 28.8 mg). Reaction run at –50 ºC. TLC Rf = 0.30 in 
9:1 hexanes:ethyl acetate, white solid. IR (thin film): 3059 (w), 3016 (w), 2932 (s), 2865 
(m), 1733 (s), 1492 (m), 1449 (m), 1406 (w), 1159 (m), 1137 (w), 1115 (w), 753 (m), 733 
(m), 560 (w). 1H NMR (400 MHz, CDCl3): ) 7.14–7.07 (m, 3H), 6.86–6.84 (m, 1H), 
2.84–2.79 (m, 2H) 2.61–2.54 (m, 1H), 2.48–2.38 (m, 1H), 2.31– 2.18 (m, 2H), 2.11–1.92 
(m, 3H), 1.80–1.74 (m, 3H). 13C NMR (100 MHz, CDCl3): ) 222.93, 139.60, 137.93, 
129.35, 128.18, 126.49, 126.39, 54.19, 40.88, 39.14, 31.57, 29.85, 19.64, 19.33. HRMS 
(ESI+) Calcd for C14H16O [M+H]+: 201.1279; Found: 201.1281. 
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2–(4–Nitrophenyl)cyclopentanone (2.87e). Prepared according to 
general procedure on a scale of 0.3 mmol of cyclobutanone (22 
µL), 0.33 mmol of 2.40 (53.8 mg, 1.1 equiv) and 0.015 mmol 
Sc(OTf)3 (7.4 mg, 0.05 equiv) in 98% yield (0.29 mmol, 60.3s mg). After a filtration of 
the homologation reaction mixture through celite, this material was obtained in >95% 
purity as a yellow solid (98% yield). Further chromatographic purification was possible 
(TLC Rf = 0.25 in 7:3 hexanes:ethyl acetate), yet the mass balance was routinely low 
(65–70%). IR (thin film): 1738 (s), 1514 (s), 1343 (s). 1H NMR (400 MHz, CDCl3): 
) 8.19 (d, J = 8.9 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 3.45 (dd, J = 8.5, 3.3 Hz, 1H), 2.60–
2.50 (m, 2H), 2.4–2.1 (m, 3H), 2.05–1.96 (m, 1H). 13C NMR (100 MHz, CDCl3): 
) 215.91, 147.98, 145.84, 129.14, 123.77, 55.15, 38.39, 31.37, 20.96. HRMS (ESI+) 
Calcd for C11H11NO3+ [M]+: 205.0739; Found: 205.0747. 
2–(4–methoxyphenyl)cyclopentanone (2.87f). Prepared 
according to general procedure on a scale of 0.15 mmol of 
cyclobutanone (11.2 µL, 1.0 equiv), 0.17 mmol of 2.41 (515 µL, 
0.330 M in toluene, 1.1 equiv) and 0.015 mmol Sc(OTf)3 (7.4 mg, 0.1 equiv) in 45% 
yield (0.068 mmol, 12.9 mg). TLC Rf = 0.25 in 7:3 hexanes:ethyl acetate, colorless oil 
(isolated as a mixture with azine byproduct). IR (thin film): 2960 (m), 2943 (m), 2930 
(m), 1737 (s), 1603 (m), 1513 (s), 1459 (m), 1247 (s), 1179 (m), 1121 (w), 1034 (m), 835 
(w). 1H NMR (400 MHz, CDCl3): ) 7.11 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 
3.79 (s, 3H), 3.27 (dd, J = 8.6, 2.2 Hz, 1H), 2.52–2.43 (m, 2H), 2.33–2.23 (m, 1H), 1.98–
1.89 (m, 2H). 13C NMR (100 MHz, CDCl3): ) 218.34, 158.64, 130.56, 129.18, 114.22, 
O
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55.47, 54.69, 38.47, 31.98, 20.99. HRMS (ESI+) Calcd for C12H18NO2+ [M+NH4]+: 
208.1338; Found 208.1328. 
"–tetralone azine (2.88).  In a glove box, a flame–dried 1 
dram vial with stir bar was charged with .01 mmol Sc(OTf)3 
(4.9 mg, 0.1 equiv) and capped with a rubber septum.  In the 
fume hood, 500 µL toluene was added under a positive 
pressure of dried nitrogen.  The suspension was cooled to –50 ºC in 1:1 ethylene 
glycol/ethanol dry ice bath for five minutes before addition of 0.10 mmol 2.38 (143 µL, 
1.43 M in toluene).  The reaction was allowed to stir for 10 minutes after which time the 
distinct purple/red color of 2.38 had disappeared. TLC Rf = 0.30 in 19:1 hexanes:ethyl 
acetate, yellow solid.  1H NMR (400 MHz, CDCl3): ) 8.29 (dd, J=7.43, 1.43 Hz, 2H), 
7.32–7.16 (m, 8H), 2.83 (ap t, J=6.6 Hz, 4H), 2.76 (ap t, J=6.6 Hz, 4 H), 1.93 (ap dt, 
J=12.55, 6.42 Hz, 4H).  13C NMR (100 MHz, CDCl3): )  157.21, 140.61, 133.07, 129.55, 
128.72, 126.41, 125.65, 30.18, 27.57, 22.39. HRMS (ESI+) Calcd for C20H21N2+ [M+H]+: 
289.1704; Found 289.1695. 
cyclohexyldiazomethane (2.89). Prepared by the general procedure 
given above. IR (PhCH3): 2930 (m), 2856 (m), 2053 (s), 1053 (w), 
896 (w). 1H NMR (400 MHz, CDCl3): ) 3.43 (d, J = 4.8 Hz, 1H), 
2.29–2.20 (m, 1H), 1.24–1.11 (m, 10H). 
NN
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9–Diazo–3,3–dimethyl–1,5–dioxaspiro[5.5]undecane (2.90). 
Prepared by the general procedure given above. IR (PhCH3): 
2946 (m), 2867 (m), 2038 (s), 1247 (m), 885 (m). 1H NMR (400 
MHz, CDCl3): ) 3.49 (s, 4H), 2.37 (t, J = 6.4 Hz, 4H), 1.89 (t, J = 6.4 Hz, 4H), 0.96 (s, 
6H). 
 (3Z)–9–diazonon–3–ene (2.91). Prepared by the general 
procedure above. IR (PhCH3): 2938 (m), 2867 (m), 2057 (s), 885 
(w), 806 (w). 1H NMR (400 MHz, CDCl3): ) 5.41–5.28 (m, 2H), 2.12 (dt, J = 7.2, 6.0 Hz, 
2H), 2.07–2.00 (m, 4H), 1.46–1.39 (m, 4H), 0.96 (t, J = 7.6 Hz, 3H). 
Benzyl 4–diazobutyl ether (2.92). Prepared by the general procedure 
above. IR (PhCH3): 2942 (m), 2867 (m), 2057 (s), 1364 (w), 1101 
(m), 885 (m), 806 (m). 1H NMR (400 MHz, CDCl3): ) 7.36±7.28 (m, 
5H), 4.50 (s, 2H), 3.53 (t, J = 6.4 Hz, 2H), 3.44 (t, J = 6.0 Hz, 1H), 2.24 (dt, J =7.2, 6.0 
Hz, 2H), 1.74 (tt, J = 7.2, 6.4 Hz, 2H). 
2–Cyclohexylcyclopentanone (2.93).  Prepared by the general 
procedure given above.  (TLC Rf = 0.25 in 19:1 hexanes:ethyl acetate) 
affording 14.1 mg (0.085 mmol, 85%) of 2.93 as a colorless oil. IR 
(thin film): 2921 (m), 2851 (m), 1734 (s), 1449 (w), 1150 (w). 1H NMR (400 MHz, 
CDCl3): ) 2.32–2.21 (m, 1H), 2.04–1.95 (m, 4H), 1.79– 1.60 (m, 6H), 1.43 (d, J = 12.0 
Hz, 1H), 1.29–1.22 (m, 2H), 1.13–1.03 (m, 4H). 13C NMR (100 MHz, CDCl3): ) 221.22, 
O
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54.75, 39.43, 37.79, 31.89, 29.04, 26.75, 26.53, 25.64, 21.07. HRMS (ESI+) Calcd for 
C11H19O+ [M+H]+: 167.1436; Found 167.1447. 
11,11–Dimethyl–9,13–dioxadispiro[4.2.5.2]pentadecan–1–
one (2.94). Preparedaccording to general procedure on a scale 
of 0.1 mmol of cyclobutanone (7.5 µL, 1.0 equiv), 0.22 mmol 
of 2.90 (677 µL, 0.325 M in toluene, 2.2 equiv) and 0.01 mmol Sc(OTf)3 (4.9 mg, 0.1 
equiv) in 78% yield (0.091 mmol, 23.7 mg). TLC Rf = 0.25 in 4:1 hexanes:ethylacetate, 
white solid. IR (thin film): 2951 (m), 2860 (w), 1731 (s), 1469 (w), 1395 (w), 1360 (w), 
1101(s), 1054 (w), 1019 (w), 983 (w), 956 (w), 922 (w), 909 (w), 875 (w). 1H NMR (400 
MHz, CDCl3): ) 3.50 (s, 2H), 3.47 (s, 2H), 2.29–2.25 (m, 2H), 2.16 (ddd, J = 13.6, 3.6, 
3.6 Hz, 2H), 1.89–1.85 (m, 4H), 1.70 (ddd, J = 12.7, 12.6, 3.6 Hz, 2H), 1.50 (ddd, J = 
12.2, 12.2, 3.6 Hz, 2H), 1.33 (ddd, J = 13.2, 3.6,3.6 Hz, 2H), 0.95 (s, 6H). 13C NMR (100 
MHz, CDCl3): ) 222.90, 97.12, 70.20, 70.01, 48.80, 38.02,34.29, 30.37, 28.82, 28.69, 
22.92, 19.10. HRMS (ESI+) Calcd for C15H25O3+ [M+H]+: 253.1804; Found 253.1808. 
2–[(5Z)–oct–5–en–1–yl]cyclohexanone (2.95). Prepared 
according to general procedure on a scale of 0.1 mmol of 
cyclopentanone (8.8 µL, 1.0 equiv), 0.22 mmol 2.91 (235 µL, 
0.934 M in toluene, 2.2 equiv) and 0.01 mmol Sc(OTf)3 (4.9 mg, 0.1 equiv) in 60% yield 
(0.06 mmol, 12.5 mg). TLC Rf = 0.25 in 19:1 hexanes:ethyl acetate, colorless oil. IR 
(thin film): 2931 (s), 2862 (s), 1712 (s), 1462 (m), 1056 (m), 884 (w), 683 (w). 1H NMR 
(400 MHz, CDCl3): ) 5.39–5.28 (m, 2H), 2.42–2.36 (m, 1H), 2.33–2.22 (m, 2H), 2.13–
O
O
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2.00 (m, 6H), 1.87–1.61 (m, 4H), 1.43–1.17 (m, 6H), 0.95 (t, J = 7.6 Hz, 3H). 13C NMR 
(100 MHz, CDCl3): ) 215.8, 131.78, 129.20, 50.92, 42.15, 34.03, 30.07, 29.48, 28.22, 
27.17, 27.03, 25.04, 20.71, 14.58. HRMS (ESI+) Calcd for C14H25O+ [M+H]+: 209.1827; 
Found 209.1830. 
2–(3–(benzyloxy)propyl)cyclooctanone (2.97).  Prepared 
according to general procedure on a scale of 0.1 mmol of 
cycloheptanone (11.8 µL, 1.0 equiv), 0.2 mmol 2.92 (459 µL, 
0.436 M in toluene, 2.0 equiv), and 0.01 mmol Sc(OTf)3 (4.9 mg, 0.1 equiv) in 91% yield 
(0.091 mmol, 23.7 mg). TLC Rf = 0.28 in 9:1 hexanes:ethyl acetate, colorless oil. IR 
(thin film): 2927 (s), 2855 (m), 1699 (s), 1495 (w), 1453 (m), 1362 (m), 1242 (w), 1203 
(w), 1160 (w), 1102 (m), 1028 (w), 737 (m), 698 (m). 1H NMR (400 MHz, CDCl3): ) 
7.36–7.26 (m, 5H), 4.48 (s, 2H), 3.43 (dt, J = 12.0, 6.0 Hz, 2H), 2.62–2.55 (m, 1H), 2.41 
(ddd, J = 14.0, 11.2, 3.2 Hz, 1H), 2.28 (ddd, J = 13.4, 6.8, 3.2 Hz, 1H), 2.01–1.90 (m, 
1H), 1.83–1.37 (m, 12H), 1.28–1.23 (m, 1H); 13C NMR (100 MHz, CDCl3): ) 220.13, 
138.64, 128.43, 127.73, 127.60, 73.03, 70.31, 50.45, 42.33, 33.14, 29.42, 27.83, 27.62, 
25.57, 25.01. HRMS (ESI+) Calcd for C18H27O2+ [M+H]+: 275.2011; Found 275.2008. 
3–Diazocyclohex–1–ene (2.98). Prepared by the general procedure for 
the synthesis of aliphatic diazoalkanes by way of an intermediate TIPS 
hydrazone. IR (PhCH3): 2946 (m), 2867 (m), 2038 (s), 1247 (m), 885 
O OBn
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(m). 1H NMR (400 MHz, CDCl3): ) 6.01 (dt, J = 9.8, 2.0 Hz, 1H), 5.28 (dt, J = 9.8, 4.0 
Hz, 1H), 2.61 (t, J = 6.4 Hz, 2H), 2.08 (ddt, J = 6.0, 4.0, 2.0 Hz, 2H), 1.77 (dt, J = 6.4, 
6.0, 2H). 
spiro[5.6]dodec–1–en–7–one (2.99).  Prepared according to general 
procedure on a scale of 1.9 mmol of cyclohexanone (199 µL, 1.0 
equiv), 2.09 mmol 2.98 (12.0 mL, 0.174 M in toluene, 1.1 equiv), and 
0.19 mmol Sc(OTf)3 (93.5 mg, 0.1 equiv) in 98% yield (1.86 mmol,  
331 mg). TLC Rf = 0.30 in 23:2 pentane:diethyl ether, colorless oil. IR (thin film): 2926 
(s), 2855 (m), 1699 (s), 1453 (m), 1320 (w), 1138 (w), 933 (w), 885 (m), 724 (w), 692 
(w). 1H NMR (400 MHz, CDCl3): ) 5.82 (dt, J = 10.0, 3.6 Hz, 1H), 5.58 (dt, J = 10.0, 1.6 
Hz, 1H), 2.61–2.48 (m, 2H), 2.04–1.94S–12 (m, 3H), 1.76–1.48 (m, 10H), 1.46–1.36 (m, 
1H). 13C NMR (100 MHz, CDCl3): ) 215.56, 129.47, 128.82, 52.79, 40.01, 38.37, 31.67, 
30.62, 26.93, 25.19, 24.47, 19.15. HRMS (ESI+) Calcd for C12H19O+ [M+H]+: 179.1436; 
Found 179.1439. 
 
Representative procedure for asymmetric ring expansion. In a glove box, 
scandium triflate (7.4 mg, 0.015 mmol) was weighed into a 1–dram vial. Ligand L2.23 
(8.5 mg, 0.016 mmol) was cannula transferred to the vial containing scandium triflate 
with 1.5 mL of toluene. The suspension was sealed with a serum stopper and stirred for 
O
N2+
Sc(OTf)3 (10 mol %)
L2.23 (11 mol %)
PhMe, –78 ºC
O
(S)-2.79
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1.5 hours at which point the serum stopper was swapped for a rubber septum and the 
reaction mixture was removed to a nitrogen manifold. Cyclohexanone (19 µL, 0.18 
mmol, 1.2 equiv) was added to the cloudy gray suspension and stirred for 15 minutes at 
which point the reaction mixture became clear and homogeneous. The solution was 
cooled to #78 ºC and phenyldiazomethane (203 µL, 0.15 mmol, 0.74M in toluene, 1.0 
equiv) was added in a single portion. The reaction mixture evolved nitrogen gas 
vigorously, and after 10 minutes the characteristic orange color of the diazoalkane had 
disappeared. After 1.5 hours the reaction was warmed to room temperature and purified 
directly by flash column chromatography (10–30% ethyl acetate in hexanes) to yield the 
title compound as a colorless oil. (26.5 mg, 94% yield) with 95:5 er (AS–H, 50 ºC, 150 
psi, 3.0 mL/min, 2% MeOH, + = 220 nm; tR = 2.35 min (minor), 2.70 min (major)). 
[!]D20 = #138.2 (c 0.80, CHCl3).  Rf = 0.20 (10% ethyl acetate in hexanes). 1H NMR 
(CDCl3, 400 MHz): ) 7.35–7.29 (m, 2H), 7.27–7.21 (m, 3H), 3.73 (dd, J = 11.3, 4.1 Hz, 
1H), 2.70 (ddd, J = 13.3, 13.3, 3.1 Hz, 1H), 2.57–2.49 (m, 1H), 2.20–2.11 (m, 1H), 2.10–
1.91 (m, 4H), 1.72–1.58 (m, 1H), 1.54–1.40 (m, 2H). 13C NMR (CDCl3, 100 MHz): ) 
213.6, 140.5, 128.6, 128.0, 127.0, 58.9, 42.8, 32.1, 30.1, 28.7, 25.4. IR (thin film): 3028 
(w), 2929 (m), 2855 (w), 1702 (s), 1495 (w), 1452 (m), 719 (w), 698 (m) cm#1. HRMS 
(ESI+) Calcd. for C13H17O+ [M+H]+: 189.1279; Found 189.1277. 
2–phenylcyclopentanone (2.115).  Run for 1.5 hours at #78 ºC 
according to the general procedure. The crude reaction mixture was not 
purified by flash column chromatography, but instead poured into 15 
mL of pentane and filtered through a cotton plug. The organics were washed with 10 mL 
O
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of water, 10 mL of brine, and dried over Na2SO4. Concentration under high vacuum 
afforded a crude yellow oil that was taken up in 1.5 mL of hexanes and again filtered 
through a cotton plug. Concentration afforded the title compound as a pale yellow oil 
(26.2 mg, quantitative, >95% purity by 1H NMR) with 85.5:14.5 er (AS–H, 50 ºC, 150 
psi, 1.5 mL/min, 2% MeOH, + = 220 nm; tR = 4.02 min (minor), 4.67 min (major)). 
Characterization data were identical to that previously reported in the literature. 
 (S)–2–p–tolylcycloheptanone (2.116a). Run for 1.5 hours at 
#78 ºC according to the general procedure then purified by SiO2 
gel chromatography (15% ethyl acetate in hexanes) to afford the 
title compound as a colorless oil (21.4 mg, 71% yield) with 94:6 er (AS–H, 50 ,C, 150 
psi, 3.0 mL/min, 2% MeOH, + = 220 nm; tR = 2.49 min (minor), 2.90 min (major)).  
[!]D20 = #154.5 (c 0.47, CHCl3).  Rf = 0.18 (10% ethyl acetate in hexanes). 1H NMR 
(CDCl3, 400 MHz): ) 7.16–7.10 (m, 4H), 3.69 (dd, J = 11.3, 4.1 Hz, 1H), 2.73–2.64 (m, 
1H), 2.55–2.47 (m, 1H), 2.32 (s, 3H), 2.18–2.08 (m, 1H), 2.08–1.89 (m, 4H), 1.70–1.56 
(m, 1H), 1.52–1.40 (m, 2H). 13C NMR (CDCl3, 100 MHz): ) 213.77, 137.46, 136.61, 
129.35, 127.80, 58.56, 42.71, 32.04, 30.18, 28.63, 25.51 IR (thin film): 3022 (bw), 2927 
(bm), 2856 (w), 1702 (s), 1513 (m), 1454 (bm), 1163 (w), 1129 (w), 825 (w), 789 (w) 
cm#1. 
O
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General procedure for asymmetric ring expansion of cycloheptanone and 
cyclooctanone.  In an inert atmosphere glove box scandium triflate (7.4 mg, 0.015 mmol) 
was weighed into a 1–dram vial. Ligand L2.23 (8.5 mg, 0.016 mmol) was transferred to 
the vial containing scandium triflate with 1.5 mL of toluene. The suspension was sealed 
with a serum stopper and stirred for 1.5 hours at which point the serum stopper was 
swapped for a rubber septum and the reaction mixture was removed to a nitrogen 
manifold. Cycloheptanone (18 µL, 0.15 mmol, 1.0 equiv) was added to the cloudy gray 
suspension and stirred for 15 minutes at which point the reaction mixture became clear 
and homogeneous. The reaction was cooled to #78 ºC and phenyldiazomethane (284 µL, 
0.21 mmol, 0.74 M in toluene, 1.4 equiv) was added in a single portion. The reaction 
progress was monitored by thin layer chromatography, analyzing for the disappearance of 
cycloheptanone. After 3 hours the cold reaction mixture was quickly poured into 5 mL 
water and diluted with 10 mL of Et2O. The organic layer was washed with 5 mL water, 5 
mL of brine, dried over anhydrous Na2SO4 and concentrated to a crude yellow oil. 
Purification by flash column chromatography (10% ethyl acetate in hexanes) yielded the 
title compound as a colorless oil (30.0 mg, 99% yield) with 98:2 er (AS–H, 50 ºC, 150 
psi, 3.0 mL/min, 4% MeOH, + = 220 nm; tR = 1.85 min (minor), 2.07 min (major)). 1H 
NMR (CDCl3, 400 MHz): ) 7.36–7.28 (m, 4H), 7.26–7.20 (m, 1H), 3.79 (dd, J = 12.3, 
2.7 Hz, 1H), 2.61 (ddd, J = 12.5, 12.5, 4.3 Hz, 1H), 2.42–2.30 (m, 1H), 2.29–2.22 (m, 
O H
2.117a
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L2.23 (11 mol %)
PhMe, –78 ºC
O
Chapter 2 
Page 188 
1H), 2.04–1.86 (m, 3H), 1.83–1.70 (m, 2H), 1.65–1.55 (m, 2H), 1.53–1.37 (m, 2H). 13C 
NMR (CDCl3, 100 MHz): ) 216.57, 139.49, 128.64, 127.91, 127.12, 57.53, 40.40, 31.67, 
26.98, 26.88, 26.85, 24.76.  IR (thin film): 2927 (s), 2855 (w), 1698 (s), 1494 (w), 1449 
(m), 700 (m) cm#1. HRMS (ESI+) Calcd. for C14H19O [M+H]+: 203.1436; Found: 
203.1439.  [!]D20 = #138.8 (c 1.26, CHCl3). 
 (S)–2–p–tolylcyclooctanone (2.117b).  Run for 3 hours at #78 
ºC according to the general procedure then purified by flash 
column chromatography (6% ethyl acetate in hexanes) to afford 
the title compound as a colorless oil (32.5 mg, quantitative yield) 
with 98.5:1.5 er (AS–H, 50 ºC, 150 psi, 3.0 mL/min, 4% MeOH, + = 220 nm; tR = 1.90 
min (minor), 2.13 min (major)).  [!]D20 = #148.9 (c 0.98, CHCl3).  Rf = 0.37 (10% ethyl 
acetate in hexanes). 1H NMR (CDCl3, 400MHz): ) 7.22 (d, J =8.2 Hz, 2H), 7.11 (d, J  = 
8.0 Hz, 2H), 3.74 (dd, J = 12.3, 2.7 Hz, 1H), 2.61 (ddd, J = 12.7, 11.7, 4.5 Hz, 1H), 2.42–
2.29 (m, 1H), 2.31 (s, 3H), 2.26–2.20 (m, 1H), 2.00–1.85 (m, 3H), 1.81–1.70 (m, 2H), 
1.63–1.54 (m, 2H), 1.53–1.36 (m, 2H). 13C NMR (CDCl3, 100 MHz): ) 216.75, 136.78, 
136.44, 129.37, 127.76, 57.26, 40.16, 31.46, 27.13, 26.92, 26.82, 24.78, 21.13.  IR (thin 
film): 3021 (bw), 2926 (bs), 2856 (bm), 1698 (s), 1513 (m), 1465 (w), 1446 (w), 1159 
(w), 818 (m) cm#1. HRMS (ESI+) Calcd. for C15H21O+ [M+H]+: 217.1592; Found: 
217.1599. 
 (S)–2–(3–methoxyphenyl)cyclooctanone (2.117d).  Run for 3 
hours at #78 ,C according to the general pro– cedure then 
O H
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purified by flash column chromatography (15% ethyl acetate in hexanes) to afford the 
title compound as a colorless oil (35.1 mg, quantitative yield) with 97:3 er (AS–H, 50 ºC, 
150 psi, 2.0 mL/min, 2% MeOH, + = 220 nm; tR = 2.05 min (minor), 2.26 min (major)).  
[!]D 20 = #116.3 (c 0.99, CHCl3). Rf = 0.16 (10% ethyl acetate in hexanes). 1H NMR 
(CDCl3, 400 MHz): ) 7.24–7.18 (m, 1H), 6.94–6.88 (m, 2H), 6.80–6.75 (m, 1H), 3.80 (s, 
3H), 3.75 (dd, J = 12.5, 2.7 Hz, 1H), 2.62 (ddd, J = 11.7, 4.7 Hz, 1H), 2.41–2.29 (m, 1H), 
2.29–2.21 (m, 1H), 2.03–1.84 (m, 3H), 1.82–1.69 (m, 2H), 1.64–1.53 (m, 2H), 1.53–1.34 
(m, 2H). 13C NMR (CDCl3, 100 MHz): ) 216.41, 159.79, 140.98, 129.53, 120.21, 113.81, 
112.41, 57.60, 55.31, 40.25, 31.44, 27.10, 26.87, 26.80, 24.74. IR (neat) 2929 (s), 2856 
(w), 1697 (s), 1598 (m), 1583 (m), 1491 (m), 1465 (m), 1286 (s), 1048 (m), 767 (w), 696 
(w) cm#1. HRMS (ESI+) Calcd. for C15H21O2 [M+H]+: 233.1542; Found: 233.1560. 
 (S)–2–(4–trifluoromethylphenyl)cyclooctanone (2.117e).  
Run for 14 hours at #78 ºC according to the general procedure 
then purified by flash column chromatography (15% ethyl 
acetate in hexanes) to afford the title compound as a colorless 
oil (31.7 mg, 78% yield) with 98:2 er (AD–H, 50 ,C, 150 psi, 1.0 mL/min, 3% MeOH, + 
= 220 nm; tR = 8.69 min (minor), 9.44 min (major)).  [!]D 20 = #93.52 (c 0.88, CHCl3). 
Rf = 0.18 (10% ethyl acetate in hexanes). 1H NMR (CDCl3, 400 MHz): ) 7.56 (d, J =8.0 
Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H), 3.92 (dd, J = 12.1, 2.9 Hz, 1H), 2.55 (ddd, J = 12.5, 
12.5, 3.7 Hz, 1H), 2.38–2.22 (m, 2H), 2.10–1.97 (m, 2H), 1.96–1.86 (m, 1H), 1.84–1.69 
(m, 2H), 1.64–1.46 (m, 4H). 13C NMR (CDCl3, 100 MHz): ) 215.72, 143.68, 143.66, 
129.56, 129.24, 128.44, 125.65, 125.56, 125.52, 125.48, 125.44, 56.73, 41.40, 32.97, 
O H
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27.22, 26.44, 26.18, 24.75. IR (neat) 2935 (bw), 2860 (bw), 1703 (m), 1617 (w), 1466 
(w), 1447 (w), 1419 (w), 1325 (s), 1163 (m), 1122 (m), 1069 (m), 1019 (m), 838 (bw) 
cm#1. HRMS (ESI+) Calcd. for C15H18F3O [M+H]+: 271.1310; Found: 271.1341. 
 (S)–2–(2–bromophenyl)cyclooctanone (2.117f).  Run for 14 hours 
at #78 ºC according to the general procedure with ligand 9 then 
purified by flash column chromatography (15% ethyl acetate in 
hexanes) to afford the title compound as a colorless oil (35.9 mg, 85% 
yield) with 92.5:7.5 er (AS–H, 50 ºC, 150 psi, 2.0 mL/min, 2% MeOH, + = 220 nm; tR = 
4.65 min (major), 5.09 min (minor)).  [!]D 20 = #1.9 (c 0.99, CHCl3).  Rf = 0.21 (10% 
ethyl acetate in hexanes). 1H NMR (CDCl3, 400 MHz): ) 7.54–7.48 (m, 2H), 7.34–7.28 
(m, 1H), 7.12–7.05 (m, 1H), 4.67 (dd, J = 11.5, 3.3 Hz, 1H), 2.74 (ddd, J = 14.9, 7.4, 3.1 
Hz, 1H), 2.49–2.40 (m, 1H), 2.39–2.25 (m, 1H), 2.15–2.04 (m, 1H), 2.03–1.88 (m, 2H), 
1.86–1.66 (m, 3H), 1.65–1.52 (m, 2H), 1.37–1.24 (m, 1H). 13C NMR (CDCl3, 100 MHz): 
) 215.99, 139.78, 132.55, 130.04, 128.33, 127.68, 124.54, 52.89, 44.67, 35.56, 28.61, 
25.74, 25.08, 23.87. IR (thin fillm): 3063 (bw), 2927 (bm), 2856 (bw), 1705 (s), 1467 
(m), 1440 (m), 1326 (w), 1157 (w), 1021 (m), 743 (m) cm#1. HRMS (ESI+) Calcd. for 
C14H18BrO [M+H]+: 281.0541; Found: 281.0571. 
 (S)–2–o–tolylcyclooctanone (2.117g).  Run for 14 hours at #78 ºC 
according to the general procedure with ligand L2.20 then purified 
by flash column chromatography (15% ethyl acetate in hexanes) to 
afford the title compound as a colorless oil (31.3 mg, 97% yield) with 
O H
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93.5:6.5 er (AS–H, 50 ºC, 150 psi, 2.5 mL/min, 2% MeOH, + = 220 nm; tR = 2.74 min 
(minor), 3.11 min (major)).  [!]D20 = #98.1 (c 1.26, CHCl3).  Rf = 0.21 (10% ethyl 
acetate in hexanes). 1H NMR (CDCl3, 400 MHz): ) 7.45–7.41 (m, 1H), 7.23–7.17 (m, 
1H), 7.16–7.10 (m, 2H), 4.06 (dd, J = 12.1, 2.7 Hz, 1H), 2.72 (ddd, J = 13.1, 11.7, 4.3 
Hz, 1H), 2.46–2.35 (m, 1H), 2.40 (s, 3H), 2.33–2.23 (m, 1H), 2.01–1.87 (m, 3H), 1.84–
1.71 (m, 2H), 1.67–1.46 (m, 4H). 13C NMR (CDCl3, 100 MHz): ) 216.22, 138.06, 
136.47, 130.63, 127.04, 126.83, 126.33, 53.04, 40.77, 32.02, 27.21, 27.15, 27.04, 24.91, 
20.21. IR (neat) 3096 (w), 3020 (w), 2927 (bs), 2856 (w), 1697 (s), 1488 (w), 1464 (m), 
1446 (m), 1325 (m), 1160 (w), 1123 (w), 845 (w), 755 (bm), 730 (m) cm#1. HRMS 
(ESI+) Calcd. for C15H21O [M+H]+: 217.1591; Found: 217.1592. 
 (S)–2–(1–naphthyl)cyclooctanone (2.118).  Run for 14 hours at 
#78 ºC according to the general procedure with ligand L2.20 then 
purified by flash column chromatography (15% ethyl acetate in 
hexanes) to afford the title compound as a pale yellow solid (35.5 mg, 94% yield) with 
93:7 er (AD–H, 50 ,C, 150 psi, 2.0 mL/min, 3% MeOH, + = 220 nm; tR = 21.52 min 
(major), 25.15 min (minor)). mp 97–100 ºC.  [!]D20 = +48.3 (c 0.82, CHCl3).  Rf = 0.20 
(10% ethyl acetate in hexanes). 1H NMR (CDCl3, 400 MHz): ) 8.33–8.28 (m, 1H), 7.87–
7.83 (m, 1H), 7.79–7.74 (m, 1H), 7.64–7.60 (m, 1H), 7.60–7.54 (m, 1H), 7.51–7.45 (m, 
2H), 4.65 (dd, J = 12.1, 2.6 Hz, 1H), 2.82 (ddd, J = 12.3, 12.3, 3.9 Hz, 1H), 2.68–2.55 (m, 
1H), 2.30 (ddd, J = 12.9, 5.7, 3.7 Hz, 1H), 2.11–1.94 (m, 3H), 1.90–1.79 (m, 2H), 1.78–
1.63 (m, 2H), 1.61–1.49 (m, 2H). 13C NMR (CDCl3, 100 MHz): ) 215.91, 135.62, 
134.07, 131.86, 129.01, 127.75, 126.46, 125.70, 125.59, 124.63, 123.68, 52.49, 39.88, 
O H
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31.66, 27.41, 27.30, 26.91, 24.92. IR (thin film): 3042 (w), 2924 (bm), 2898 (bw), 1689 
(s), 1510 (w), 1397 (w), 1117 (m), 800 (m), 780 (bs) cm#1. HRMS (ESI+) Calcd. for 
C18H21O [M+H]+: 253.1592; Found: 253.1622. 
2–phenylcyclononanone (2.119).  Run for 14 hours at #45 ºC 
according to the general procedure then purified by flash column 
chromatography (15% ethyl acetate in hexanes) to afford the title 
compound as a colorless oil (33.0 mg, quantitative yield) with 93:7 er (AD–H, 50 ,C, 150 
psi, 2.0 mL/min, 2% MeOH, + = 220 nm; tR = 9.04 min (minor), 9.82 min (major)).  
[!]D20 = #43.9 (c 0.94, CHCl3). Rf = 0.25 (10% ethyl acetate in hexanes). 1H NMR 
(CDCl3, 400 MHz): ) 7.29–7.14 (m, 5H), 3.88 (dd, J = 11.9, 2.7 Hz, 1H), 2.46–2.34 (m, 
1H), 2.34–2.24 (m, 2H), 1.95–1.34 (m, 11H). 13C NMR (CDCl3, 100 MHz): ) 216.28, 
139.72, 128.68, 128.02, 127.12, 58.94, 41.80, 31.78, 25.97, 25.68, 25.49, 24.22, 24.02. IR 
(thin film): 3061(bw), 3026 (bw), 2926 (bm), 1702 (s), 1495 (w), 1451 (m), 698 (s) cm#1. 
HRMS (ESI+) Calcd. for C15H21O+ [M+H]+: 217.1592; Found: 217.1589. 
 
Representative procedure for synthesis of cylcobutanones.  To a flame-dried 25 mL 
round bottom flask equipped with a magnetic stir bar, cyclopropyl phenyl sulfide (475 
µL, 3.27 mmol, 1.1 equiv) and THF (13.1 mL) were added under nitrogen. The solution 
was cooled to 0 °C and n-butyllithium (1.91 mL of 1.74 M in hexanes, 3.32 mmol, 1.1 
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equiv) was added by syringe. After 1 h of stirring, 4'-methoxyacetophenone (409 µL, 
2.97 mmol) was added by syringe. After 4 h of additional stirring at 0 °C, the reaction 
was quenched with water (1.0 mL) and transferred to a separation funnel containing 30 
mL of water and 20 mL of Et2O. After agitation and removal of the extract, the water 
layer was washed with two more 10 mL volumes of Et2O. The combined organic layers 
were dried over magnesium sulfate and filtered. Concentration and purification by silica 
gel chromatography (TLC Rf = 0.36 in 5:1 hexanes:ethyl acetate) afforded 1-(4-
methoxyphenyl)-1-(1-(phenylthio)cyclopropyl)ethanol (741 mg, 2.47 mmol, 83% yield) 
as a colorless oil. IR (thin film): 3486 (b), 3059 (w), 2972 (w), 2934 (w), 2835 (w), 1610 
(m), 1583 (m), 1510 (s), 1478 (m), 1463 (w), 1439 (m), 1333 (m), 1248 (s), 1178 (s), 
1131 (w), 1084 (m), 1029 (s), 933 (w), 829 (m), 739 (m), 692 (m), 574 (w), 518 (w). 1H 
NMR (400 MHz, CDCl3): ) 7.44 (ddd, J = 3.1, 5.3, 6.8 Hz, 2H), 7.29-7.26 (m, 2H), 7.21-
7.17 (m, 2H), 7.14-7.10 (m, 1H), 6.81 (ddd, J = 3.1, 5.3, 6.8 Hz, 2H), 3.79 (s, 3H), 2.50 
(s, 1H), 1.63 (s, 3H), 1.28-1.19 (m, 1H), 1.14 (ddd, J = 4.4, 6.0, 10.8 Hz, 1H), 1.04 (ddd, 
J = 4.6, 6.0, 9.7 Hz, 1H), 0.96 (ddd, J = 4.4, 6.0, 9.7 Hz, 1H). HRMS (ESI+) Calcd for 
C18H19OS [M–OH]+: 283.1157; Found: 283.1156. 
A flame-dried 25 mL round bottom flask containing a magnetic stir bar was then charged 
with 1-(4- methoxyphenyl)-1-(1-(phenylthio)cyclopropyl)ethanol (741 mg, 2.47 mmol), 
p-toluenesulfonic acid (425 mg, 2.47 mmol, 1.0 equiv), and benzene (9.9 mL). The 
resulting homogeneous solution was heated at 80 °C for 5 h. The solution was diluted 
with 20 mL of Et2O and in a separation funnel, washed with saturated solutions of 
sodium bicarbonate (30 mL) and sodium chloride (30 mL). The organic layer was dried 
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over magnesium sulfate, filtered, and concentrated to a yellow oil. Purification by 
Kugelrohr distillation provided 2-(4-Methoxyphenyl)-2-methylcyclobutanone (2.127b) 
(188 mg, 0.988 mmol, 40% yield) as a colorless oil. 1H NMR (400 MHz, CDCl3): ) 7.28 
(ddd, J = 2.4, 2.8, 9.2 Hz, 2H), 6.88 (ddd, J = 2.4, 2.8, 9.2 Hz, 2H), 3.79 (s, 3H), 3.16 
(ddd, J = 6.8, 10.8, 17.6 Hz, 1H), 3.04 (ddd, J = 6.8, 10.8, 17.6 Hz, 1H), 2.48 (ddd, J = 
6.8, 10.6, 11.0 Hz, 1H), 2.16-2.09 (m, 1H), 1.51 (s, 3H). 13C NMR (100 MHz, CDCl3): ) 
212.41, 158.42, 134.60, 126.78, 114.11, 67.55, 55.41, 42.75, 26.36, 25.80. IR (thin film): 
2994 (w), 2958 (w), 2863 (w), 2835 (w), 1774 (s), 1610 (w), 1579 (w), 1512 (s), 1464 
(w), 1444 (w), 1393 (w), 1370 (w), 1249 (s), 1180 (m), 1095 (w), 1057 (m), 1032 (m), 
831 (m), 788 (w), 556 (w).  HRMS (ESI+) Calcd for C12H15O2 [M+H]+: 191.1072; 
Found: 191.1067. 
 2-Phenyl-2-methylcyclobutanone (2.127a). Prepared by the 
procedure of Bogdanowicz and Trost.86  A flame-dried 10-mL 
round bottom flask with a magnetic stir bar was charged with 299 
mg of cyclopropyldiphenylsulfonium tetrafluoroborate (0.952 mmol, 1.34 equiv), 3 mL 
of dimethyl sulfoxide, and 85 mg of powdered potassium hydroxide (1.51mmol, 2.0 
equiv). At 0 °C, 83.0 µL of acetophenone (0.712 mmol, 1.0 equiv) was added by syringe 
and the reaction mixture was slowly warmed to 23 °C for 12 h of rapid stirring. The 
mixture was then poured into a separation funnel containing 25 mL of saturated sodium 
bicarbonate solution, and the product was extracted with three 30 mL volumes of 
hexanes. The organic layers were pooled, dried over magnesium sulfate, filtered, and 
concentrated to a yellow oil that was used directly a the Lewis acid-catalyzed 
O
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rearrangement. Thus, a solution of the unpurified oxaspiropentane (155 mg in 3.5 mL 
benzene) was treated with 15.0 mg of lithium perchlorate (0.145 mmol, 0.15 equiv) as a 
solid and heated at 80 °C for 12 h. Upon cooling to 23 °C, the reaction mixture was 
filtered through celite with two 5 mL hexane rinses and concentrated at reduced pressure. 
Purification by column chromatography (TLC Rf = 0.35 in 12:1 hexanes:ethyl acetate) 
gave 2.127a in 82% yield over two steps (94.1 mg, 0.584 mmol). Characterization data 
for this compound has been reported.93 
 2-(4-Trifluoromethylphenyl)-2-methylcyclobutanone (2.127c). 
Prepared by the general procedure from 475 µL of cyclopropyl 
phenyl sulfide (3.27 mmol, 1.1 equiv) in 13.1 mL THF, 3.32 
mmol of n-butyllithium (1.91 mL of 1.74 M in hexanes, 1.1 equiv), and 556 mg 4-
(trifluoromethyl)acetophenone (2.96 mmol). (1-(Phenylthio)cyclopropyl)-1-(4-
(trifluoromethyl)phenyl)ethanol (721 mg, 2.13 mmol, 72% yield) was recovered as an oil 
after passage through a pad of silica gel (TLC Rf = 0.33 in 5:1 hexanes:ethyl acetate). IR 
(thin film): 3485 (b), 3061 (w), 2983 (w), 1618 (w), 1583 (w), 1479 (w), 1439 (w), 1409 
(w), 1327 (s), 1165 (m), 1124 (m), 1103 (m), 1074 (m), 1016 (w), 852 (w), 740 (w), 692 
(w), 613 (w). 1H NMR (400 MHz, CDCl3): ) 7.62 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 
Hz, 2H), 7.17-7.11 (m, 5H), 2.62 (s, 1H), 1.58 (s, 3H), 1.37-1.32 (m, 1H), 1.26-1.17 (m, 
2H), 1.05-1.00 (m, 1H). HRMS Calcd for C18H17F3OS: 338.0952; Found: 338.0961. 
Rearrangement involved 488 mg of (1-(phenylthio)cyclopropyl)-1-(4-(tri- 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(93) Nemoto, H.; Miyata, J.; Hakamata, H.; Nagamochi, M.; Fukumoto, K. Tetrahedron 1995, 51, 5511-
5522. 
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fluoromethyl)phenyl)ethanol (1.44 mmol), 248 mg p-toluenesulfonic acid (1.44 mmol, 
1.0 equiv), and 5.8 mL of benzene, giving 169 mg of 2.127c (0.740 mmol, 51% yield) as 
a colorless oil after Kugelrohr distillation. IR (thin film): 2966 (w), 2928 (w), 2869 (w), 
1779 (s), 1616 (m), 1449 (w), 1411 (m), 1323 (s), 1164 (m), 1119 (s), 1065 (s), 1016 (m), 
873 (m), 606 (m). 1H NMR (400 MHz, CDCl3): ) 7.59 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 
8.6 Hz, 2H), 3.24 (ddd, J = 7.1, 10.2, 17.9 Hz, 1H), 3.05 (ddd, J = 6.2, 10.6. 17.9 Hz, 
1H), 2.52 (ddd, J = 7.1, 10.6, 17.6 Hz, 1H), 2.22 (ddd, J = 6.2, 10.2, 17.6 Hz, 1H), 1.56 
(s, 3H). 13C NMR (100 MHz, CDCl3): ) 210.96, 146.44, 129.11 (J = 32.1 Hz), 126.12, 
125.64, 124.24 (J = 270.8 Hz), 67.93, 42.80, 26.63, 25.50. HRMS Calcd for C12H11F3O: 
228.0762; Found: 228.0758. 
 2-Phenylcyclobutanone (2.127d). Prepared by the procedure of 
Bogdanowicz and Trost86 from 0.200 mL benzaldehyde (1.96 mmol), 
0.650 g of cyclopropyldiphenylsulfonium tetrafluoroborate (2.07 
mmol, 1.1 equiv), 9.0 mL of dimethyl sulfoxide, and 0.220 g of potassium hydroxide 
(3.93 mmol, 2.0 equiv). The impure oxapsiropentane, a clear oil, was then subjected to 
25.0 mg of lithium perchlorate (0.235 mmol, 0.12 equiv) in 5.0 mL of benzene to give 
0.207 g of 2.127d (1.42 mmol, 72% yield) following purification by column 
chromatography (Rf = 0.30 in 25:1 hexanes:ethyl acetate). Characterization data for 
2.127d has been reported.86 
 2-(4-Methoxyphenyl)cyclobutanone (2.127e). Prepared by the 
general procedure above on a scale involving 475 µL of 
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cyclopropyl phenyl sulfide (3.27 mmol, 1.1 equiv) in 13.1 mL of THF, 3.32 mmol of n-
butyllithium (1.91 mL of 1.74 M in hexanes, 1.1 equiv), and 355 µL of 4-
methoxybenzaldehyde (2.97 mmol, 1.0 equiv). (4-Methoxyphenyl)(1-
(phenylthio)cyclopropyl)methanol (684 mg, 2.39 mmol, 80% yield) was recovered as a 
colorless oil after filtration through a pad of silica gel (TLC Rf = 0.35 in 5:1 
hexanes:ethyl acetate). IR (thin film): 3462 (b), 3059 (w), 3003 (w), 2956 (w), 2932 (w), 
2835 (w), 1611 (m), 1584 (w), 1512 (s), 1479 (m), 1463 (w), 1439 (m), 1421 (w), 1381 
(w), 1303 (w), 1248 (s), 1174 (m), 1111 (w), 1089 (w), 1034 (s), 833 (m), 740 (m), 692 
(m). 1H NMR (400 MHz, CDCl3): ) 7.41 (d, J = 7.3 Hz, 2H), 7.30-7.17 (m, 5H), 6.84 (d, 
J = 8.2 Hz, 2H), 4.79 (d, J = 3.8 Hz, 1H), 3.79 (s, 3H), 2.53 (dd, J = 3.7, 1.3, Hz, 1H), 
1.09-1.03 (m, 2H), 0.99-0.91 (m, 1H). HRMS Calcd for C17H17OS [M–OH]+: 269.1000; 
Found: 269.0986. Rearrangement was effected on a scale involving 609 mg of (4- 
methoxyphenyl)(1-(phenylthio)cyclopropyl)methanol (2.13 mmol) and 367 mg p-
toluenesulfonic acid (2.13 mmol, 1.0 equiv) in 8.5 mL of benzene, affording 2.127e (33.0 
mg, 0.187 mmol, 9% yield) as an oil after a purification by Kugelrohr distillation. 
Characterization data for this material has been reported.94 
 3',4'-Dihydro-2'H-spiro[cyclobutane-1,1'-naphthalen]-2-one 
(2.127f). Prepared by the procedure of Bogdanowicz and Trost86 on a 
scale involving 95.0 µL of !-tetralone (0.712 mmol), 299 mg of 
cyclopropyldiphenylsulfonium tetrafluoroborate (0.952 mmol, 1.34 equiv), 3 mL of 
dimethyl sulfoxide, and 85 mg of potassium hydroxide (1.51 mmol, 2.0 equiv). The !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(94) Cohen, T.; Brockunier, L. Tetrahedron 1989, 45, 2917-2924. 
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impure oxaspiropentane, a yellow oil, was then subjected to 15.0 mg of lithium 
perchlorate (0.145 mmol, 0.15 equiv) in 3.5 mL of hot benzene, affording 94.0 mg of 
2.127f (0.504 mmol, 70 % yield) after purification by silica gel chromatography (TLC Rf 
= 0.35 in 15:1 hexanes:ethyl acetate). Characterization data for this spirocycle has been 
reported.86 
 
Representative procedure for homololgation and in situ hydrolyxix. In a glovebox, a 
2-dram vial (8 mL, 17 x 60 mm) with a magnetic stir bar was charged with Sc(OTf)3 (5.2 
mg, 0.011 mmol, 0.11 equiv) and sealed with a rubber septum. In a fume hood, the vial 
was cooled to 0 °C and a 0.40 M solution of 2-methyl-2-(4-
methoxyphenyl)cyclobutanone (2.127b) in CH2Cl2 (20 mg, 0.11 mmol in 0.25 mL, 1.0 
equiv) was added through a steel cannula followed by one CH2Cl2 rinse of the substrate 
vial (0.25 mL). Trimethylsilyldiazomethane (95 µL of a 1.33 M solution in hexane, 0.13 
mmol, 1.2 equiv) was then added to the solution by syringe in one portion, resulting in 
nitrogen evolution. After 1 h of stirring at 0 °C, the reaction mixture was quenched with 
1.0 mL of a 1 N hydrochloric acid solution, stirred vigorously for 30 min, and then 
transferred to a small separation funnel for extraction. After dilution with 10 mL of water 
and 10 mL of CH2Cl2, the mixture was agitated and the organic layer was removed. The 
aqueous layer was then extracted two more times with 10 mL of CH2Cl2. The combined 
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organic layers were dried over magnesium sulfate, filtered, and concentrated. 1H NMR 
analysis of the extract showed 8:1 selectivity in favor of 2.129b based on integration. 
Purification by column chromatography (TLC Rf of 2.129b = 0.30 in 20:1 hexanes:ethyl 
acetate) gave the product as a clear viscous oil in 83% yield (17.9 mg, 0.0872 mmol). 
10% of the isomeric α-quaternary cyclopentanone was also recovered. Characterization 
data for 2.129b has been previously reported.46 
 2-Methyl-2-phenylcyclopentanone (2.129a). Prepared according to 
the procedure above from 20.0 mg of 2-methyl-2-
phenylcyclobutanone (2.127a, 0.125 mmol), 0.150 mmol of 
trimethylsilyldiazomethane (113 µL of a 1.33 M solution in hexane, 1.2 equiv), and 0.013 
mmol of Sc(OTf)3 (6.2 mg, 0.10 equiv) in a 9:1 regioisomer ratio and 94% combined 
yield (18.5mg, 0.106 mmol, 85% of 2.129a) after chromatographic purification (TLC Rf 
of 2.129a = 0.30 in 10:1 hexanes:ethyl acetate). Characterization data for 2.129a has been 
reported.51 
 2-Methyl-2-(4-trifluoromethylphenyl)cyclopentanone 
(2.129c). Prepared according to the procedure above from 16.0 
mg of 2-methyl-2-(4-trifluoromethylphenyl)- cyclobutanone 
(2.127c, 0.0701 mmol), 0.0841 mmol of trimethylsilyldiazomethane (63.2 !L of a 1.33 M 
solution in hexane, 1.2 equiv), and 0.0070 mmol of Sc(OTf)3 (4.1 mg, 0.10 equiv) in a 
4:1 regioisomer ratio and 91% combined yield (12.4 mg, 0.0512 mmol, 73% of 2.129c) 
after chromatographic purification (TLC Rf of 2.129c = 0.30 in 20:1 hexanes:ethyl 
Me
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acetate). IR (thin film): 2968 (w), 1737 (s), 1410 (w), 1327 (s), 1165 (m), 1070 (m), 1016 
(w), 844 (w), 691 (w), 607 (w), 535 (w). 1H NMR (400 MHz, CDCl3): " 7.58 (d, J = 8.2 
Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 2.56-2.50 (m, 1H), 2.46- 2.30 (m, 2H), 2.12-1.87 (m, 
3H), 1.41 (s, 3H). 13C NMR (100 MHz, CDCl3): " 219.85, 146.99, 129.10 (q, J = 32.5 
Hz), 126.90, 125.58 (q, J = 3.8 Hz), 122.92, 53.12, 38.10, 37.81, 25.16 18.91. HRMS 
Calcd for C13H14F3O [M+H]+: 243.0997; Found: 243.1007. 
 2-Phenylcyclopentanone (2.87b). Prepared by the procedure 
above from 35.1 mg of 2- phenylcyclobutanone (2.127d, 0.240 
mmol), 0.287 mmol of trimethylsilyldiazomethane (216 !L of a 
1.33 M solution in hexane, 1.2 equiv), and 0.0239 mmol of Sc(OTf)3 (11.7 mg, 0.10 
equiv) in a 7:1 regioisomer ratio and 88% combined yield (29.3 mg, 0.183 mmol, 76% of 
2.87b) after chromatographic purification (TLC Rf of 2.87b = 0.30 in 20:1 hexanes:ethyl 
acetate). Characterization data for 2.87b has been reported.51 
 2-(4-Methoxyphenyl)cyclopentanone (2.87f). Prepared 
according to the procedure above from 17.4 mg of 2-(4-
methoxyphenyl)cyclobutanone (2.127e, 0.0987 mmol), 0.118 
mmol of trimethylsilyldiazomethane (89.0 !L of a 1.33 M solution in hexane, 1.2 equiv), 
and 0.0098 mmol of Sc(OTf)3 (4.8 mg, 0.10 equiv) in a 10:1 regioisomer ratio and 87% 
combined yield (14.7 mg, 0.0773 mmol, 78% of 2.87f) after chromatographic purification 
(TLC Rf of 2.87f = 0.30 in 15:1 hexanes:ethyl acetate). Characterization data for 2.87f 
has been reported.51 
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 3',4'-Dihydro-2'H-spiro[cyclopentane-1,1'-naphthalen]-2-one 
(2.87d). Prepared by the procedure above from 25.0 mg of 3',4'-
dihydro-2'H-spiro[cyclobutane-1,1'-naphthalen]- 2-one (2.127f, 0.134 
mmol), 0.161 mmol of trimethylsilyldiazomethane (121 !L of a 1.33 M solution in 
hexane, 1.2 equiv), and 0.013 mmol of Sc(OTf)3 (6.6 mg, 0.10 equiv) in a 9:1 
regioisomer ratio and 67% combined yield (16.2 mg, 0.0809 mmol, 60% of 2.87d) after 
chromatographic purification (TLC Rf of 2.87d = 0.30 in 20:1 hexanes:ethyl acetate). 
Characterization data for 2.87d has been reported.51 
 trans-5-(Dimethyl(phenyl)silyl)-2-methyl-2-
phenylcyclopentanone (2.132).  In a glovebox, a 50 mL round 
bottom flask with a magnetic stir bar was charged with Sc(hfac)3 
(150 mg, 0.225 mmol, 0.10 equiv) and sealed with a rubber septum. In a fume hood, the 
vial was charged with 12.0 mL of toluene and 361 mg 2-methyl-2-phenylcyclobutanone 
(2.25 mmol, 1.00 equiv) through a syringe. The reaction flask was covered with 
aluminum foil and (dimethylphenylsilyl)diazomethane (1.02 g, 4.95 mmol, 2.2 equiv) 
was slowly added to the solution by syringe pump at a rate of 1.00 mL/h. After 12 h of 
stirring, the reaction mixture was diluted with 25 mL of Et2O and transferred to a small 
separatory funnel for extraction. The organic layer was washed with 25 mL portions of 
saturated sodium bicarbonate, water, and saturated sodium chloride. The organic layer 
was dried over sodium sulfate, filtered, and concentrated under reduced pressure. 1H 
NMR analysis of the extract showed 6:1 diastereoselectivity in favor of the trans-β-
ketosilane (2.132). The crude oil was purified by silica gel chromatography (TLC Rf of 
O
2.87d
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2.132 = 0.30 in 19:1 hexanes:ethyl acetate), affording 550 mg (1.78 mmol, 79% yield) of 
2.132as a colorless oil. IR (thin film): 2959 (s), 1711 (s), 1427 (w), 1250 (m), 1168 (w), 
1114 (m), 1033 (m), 834 (m), 810 (m), 699 (s), 471 (w). 1H NMR (400 MHz, CDCl3): ) 
7.57-7.54 (m, 2H), 7.42-7.27 (m, 7H), 7.19 (tt, J = 7.0, 1.5 Hz, 1H), 2.38 (dddd, J = 12.9, 
6.4, 4.6, 1.4 Hz, 1H), 2.04-1.95 (m, 1H), 1.89-1.82 (m, 1H), 1.64-1.57 (m, 1H), 1.55 (s, 
3H), 0.50 (s, 3H), 0.46 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 221.29, 143.09, 134.19, 
129.71, 128.53, 128.04, 126.60, 126.49, 54.09, 41.24, 37.72, 24.29, 21.82, –3.11, –3.62. 
HRMS Calcd for C20H28NOSi [M+NH4]+: 326.1940; Found 326.1938. 
cis-5-(Dimethyl(phenyl)silyl)-2-methyl-2-phenylcyclopentanone 
(2.132a). Recovered as a byproduct in the synthesis of 2.132 by 
silica gel chromatography (TLC Rf = 0.26 in 19:1 hexanes:ethyl 
acetate). IR (thin film): 2959 (m), 1714 (s), 1427 (w), 1250 (m), 1156 (m), 1114 (m), 
1025 (m), 831 (m), 731 (w), 699 (s). 1H NMR (400 MHz, CDCl3): ) 7.40-7.38 (m, 2H), 
7.35-7.31 (m, 1H), 7.29-7.23 (m, 6H), 7.20-7.17 (m, 1H), 2.46-2.40 (m, 1H), 2.36-2.33 
(m, 1H), 2.06- 2.00 (m, 1H), 1.94-1.83 (m, 2H), 1.37 (s, 3H), 0.28 (s, 3H), 0.06 (s, 3H). 
13C NMR (100 MHz, CDCl3): ) 220.55, 141.37, 136.96, 133.92, 129.46, 128.47, 127.94, 
126.64, 126.64, 53.62, 41.29, 37.02, 26.58, 21.67, 10.70, 7.81, –3.30, –4.62. HRMS 
Calcd for C20H28NOSi [M+NH4]+: 326.1940; Found 326.1949. 
5-(Dimethyl(phenyl)silyl)-2-methyl-2-phenylcyclopentanol 
(2.135).  A flame-dried 5 mL round bottom flask with a magnetic 
stir bar was charged with 2.132 (154 mg, 0.499 mmol, 1.0 equiv). 
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The flask was flushed with nitrogen and sealed with a rubberseptum. 1.0 mL of Et2O was 
added and the solution was cooled to –78 °C with stirring. A separate flame-dried round 
bottom flask with a magnetic stir bar was charged with Et2O (1.0 mL) and t-BuOH (94.1 
µL, 0.998 mmol, 2.0 equiv) under a nitrogen atmosphere. With stirring, the t-BuOH 
solution was cooled to –78 °C and treated rapidly with LAH (499 µL of a 1.0 M solution 
in Et2O, 0.499 mmol, 1.0 equiv). After cessation of bubbling, the cold LAH solution was 
transferred to the flask containing 2.135 through a cannula, and 0.5 mL of Et2O was used 
to rinse the flask containing residual reductant. The reaction mixture was stirred at –78 
°C until it was judged complete as indicated by TLC analysis (developed in 9:1 
hexanes:Et2O). The reaction was quenched by the addition of 1.0 mL of saturated sodium 
bicarbonate and slowly warmed to 23 °C with vigorous stirring. After 10 min, the bilayer 
was diluted with 20 mL of Et2O and transferred to a separatory funnel. The organic layer 
was washed with equal portions of saturated sodium bicarbonate, water, and saturated 
sodium chloride. The organic layer was then dried over sodium sulfate, filtered, and 
concentrated under reduced pressure. The resulting oil was purified by silica gel 
chromatography (TLC Rf = 0.30 in 9:1 hexanes:Et2O) to provide 131 mg (0.425 mmol, 
85% yield ) of the major diastereomer13 as a colorless oil. IR (thin film): 3370 (br), 2959 
(s), 1643 (w), 1487 (m), 1470 (w), 1427 (w), 1381 (m), 1250 (m), 1110 (w), 1073 (m), 
834 (m), 733 (w), 699 (m). 1H NMR (400 MHz, CDCl3): ) 7.56-7.53 (m, 1H), 7.35-7.28 
(m, 8H), 7.19 (dt, J = 7.1, 1.5 Hz, 1H), 4.34 (dd, J = 5.3, 5.0 Hz, 1H), 2.32-2.25 (m, 1H), 
1.95-1.80 (m, 3H), 1.52 (d, J = 5.0 Hz, 1H), 1.46-1.40 (m, 1H), 1.30 (s, 3H), 0.37 (s, 3H), 
0.31 (s, 3H). 13C NMR (100 MHz, CDCl3): ) 148.41, 139.88, 134.04, 128.91, 128.41, 
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127.89, 126.00, 125.94, 84.11, 53.13, 35.95, 31.57, 24.60, 24.18, –2.53, –2.93. HRMS 
Calcd for C20H24Si [M–OH]+: 293.1726; Found: 293.1734. 
 
3-Methyl-3-phenylcyclopentane-1,2-diol (2.138). A 10 mL round bottom flask with a 
magnetic stir bar was charged with 5-(dimethyl(phenyl)silyl)-2-methyl-2-
phenylcyclopentanol (138 mg, 0.444 mmol, 1.0 equiv), acetic anhydride (89.0 µL, 0.889 
mmol, 2.0 equiv), DMAP (10.9 mg, 0.0890 mmol, 0.20 equiv), and pyridine (2.2 mL). 
The reaction was heated to 35 °C for 14 h. After cooling the reaction mixture to 23 °C, it 
was diluted with 20 mL Et2O and transferred to a separatory funnel. The organic layer 
was washed with 15 mL portions of 0.5 M HCl, 1.0 M CuSO4, water, and saturated 
sodium chloride. The organic layer was dried over sodium sulfate, filtered, and 
concentrated under reduced pressure. 
A portion of the unpurified acetate (54.4 mg, 0.154 mmol, 1.0 equiv) was dissolved in 
acetic acid (340 µL) and treated with 37 wt % peracetic acid (170 µL, 2.52 mmol, 16.4 
equiv) and mercuric acetate (54.1 mg, 0.154 mmol, 1.1 equiv). The reaction was stirred at 
23 °C until the reaction was complete as indicated by TLC analysis (developed in 3:1 
hexanes:ethyl acetate). The turbid mixture was then diluted with 20 mL of Et2O and 
transferred to a separatory funnel where the organic layer was washed with two 25 mL 
portions of saturated sodium bicarbonate, 25 mL of saturated sodium thiosulfate, 20 of 
mL water, and 25 mL of saturated sodium chloride. The organic layer was dried over 
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sodium sulfate, filtered, and concentrated under reduced pressure. The desired product of 
C–Si bond oxidation is subject to intramolecular transacylation on silica gel, and it was 
therefore immediately deprotected. 
After dissolution in 1.0 mL of 6:1 CHCl3–MeOH, potassium carbonate (245 mg, 1.78 
mmol, 4.0 equiv) was added and the mixture was stirred at 23 °C until the reaction was 
complete as indicated by TLC analysis (developed in 1:1 hexanes:ethyl acetate). Direct 
concentration of the reaction mixture and purification by silica gel chromatography (TLC 
Rf of 2.138 = 0.30 in 1:1 hexanes:ethyl acetate) provided 18.4 mg (0.097 mmol, 63% 
yield over three steps) of 2.138 as a colorless oil. IR (thin film): 3389 (m), 2962 (m), 
2926 (m), 2872 (w), 1496 (m), 1462 (m), 1444 (m), 1103 (m), 1053 (m), 1030 (m), 971 
(w), 762 (m), 701 (s), 557 (w). 1H NMR (400 MHz, CDCl3): ) 7.44-7.42 (m, 2H), 7.34-
7.30 (m, 2H), 7.20(tt, J = 7.3, 1.2 Hz, 1H), 4.22 (dd, J = 12.6, 6.1 Hz, 1H), 4.06 (d, J = 
6.1 Hz, 1H), 2.66 (br s, 1H), 2.24- 2.17 (m, 2H), 2.05 (ddd, J = 13.3, 9.3, 4.1 Hz, 1H), 
1.95-1.89 (m, 1H), 1.83-1.76 (m, 1H), 1.34 (s, 3H), 1.25 (s, 1H). 13C NMR (100 MHz, 
CDCl3): ) 149.21, 128.47, 126.08, 126.01, 79.84, 72.41, 48.66, 34.11, 30.93, 23.36. 
HRMS Calcd for C12H20NO2 [M+NH4]+: 210.1494; Found 210.1486. 
 
Representative procedure for the synthesis of bisoxazoline ligands.  To a stirred 
solution of bis(oxazoline) 2.11195 in X mL THF, NaH (X mg, X mmol, X equiv) was 
NN
O O
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added slowly in a single portion.  The reaction mixture was stirred 1H NMR (500 MHz, 
CDCl3): ) 7.40–7.34 (m, 4H), 7.33–7.21 (m, 12H), 7.00 (dd, J = 7.7, 1.7 Hz, 4H), 5.2 (dd, 
J = 10.0, 9.1 Hz, 2H), 4.64 (dd, J = 10.3, 8.4 Hz, 2H), 4.03 (ap t, J = 8.6 Hz, 2H), 3.51 
(dd, J = 33.4, 14.2 Hz, 4H).  HRMS (ESI+) Calcd for C33H31N2O2+ [M+H]+: 487.2386; 
Found 487.2375. 
2,2'-(pent-3-ylidene)bis[(4S,5R)-4,5-diphenyl-2-
oxazoline] (L2.10).  Prepared according to the general 
procedure. 1H NMR (500 MHz, CDCl3): ) 7.08–6.88 (m, 
20H), 5.95 (d, J = 10.1 Hz, 2H), 5.60 (d, J = 10.1 Hz, 2H), 
2.46 (dq, J = 14.9, 7.5 Hz, 2H), 2.31 (dq, J = 14.9, 7.5 Hz, 2H), 1.14 (t, J = 7.5 Hz, 6H).  
HRMS (ESI+) Calcd for C35H35N2O2+ [M+H]+: 515.2699; 
Found 515.2689. 
 (4R,4'R,5S,5'S)-2,2'-(cyclobutane-1,1-diyl)bis(4,5-
diphenyl-4,5-dihydrooxazole) (L2.16). Prepared according 
to the general procedure above.  1H NMR (500 MHz, 
CDCl3): ) 7.04– 6.94 (m, 20H), 5.96 (d, J = 10.2 Hz, 2H), 5.60 (d, J = 10.2 Hz, 2H), 1.82 
(dd, J = 6.0, 3.0 Hz, 2H), 1.77 (dd,  J = 6.0, 3.0 Hz, 2H). HRMS (ESI+) Calcd for 
C33H29N2O2+ [M+H]+: 485.2229; Found 485.2216. 
(4R,4'R,5S,5'S)-2,2'-(cyclobutane-1,1-diyl)bis(4,5-
diphenyl-4,5-dihydrooxazole) (L2.17).  Prepared 
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according the general procedure above.  1H NMR (500 MHz, CDCl3): ) 7.13–6.69 (m, 
20H), 6.01 (d, J = 10.2 Hz, 2H), 5.66 (d, J = 10.2 Hz, 2H), 5.09 (t, J = 4.7 Hz, 2H), 3.08 
(ddd, J = 11.7, 9.7, 8.2 Hz, 2H), 2.91 (ddd, J = 11.7, 9.7, 8.2 Hz, 2H), 2.30 (app p, J = 
8.0 Hz, 2H).  HRMS (ESI+) Calcd for C34H31N2O2+ [M+H]+: 499.2389; Found 499.2387. 
 (4R,4'R,5S,5'S)-2,2'-(cyclopentane-1,1-diyl)bis(4,5-
diphenyl-4,5-dihydrooxazole) (L2.18). Prepared according 
the general procedure above.  1H NMR (500 MHz, CDCl3): 
) 7.05–6.99 (m, 20H), 5.96 (d, J = 10.2 Hz, 2H), 5.60 (d, J 
= 10.2 Hz, 2H), 2.76–2.67 (m, 2H), 2.64–2.56 (m, 2H), 2.06–1.90 (m, 4H).  HRMS 
(ESI+) Calcd for C35H33N2O2+ [M+H]+: 513.2542; Found 513.2553. 
 (4R,4'R,5S,5'S)-2,2'-(cyclohexane-1,1-diyl)bis(4,5-
diphenyl-4,5-dihydrooxazole) (L2.19).  Prepared 
according the general procedure above.  1H NMR (500 
MHz, CDCl3): ) 7.03 (s, 10H), 7.00–6.93 (m, 10H), 5.95 (d, 
J = 10.3 Hz, 2H), 5.65 (d, J  = 10.3 Hz, 2H), 2.54–2.36 (m, 
4H), 1.97–1.85 (m, 2H), 1.85–1.74 (m, 2H), 1.69–1.58 (m, 2H).  HRMS (ESI+) Calcd for 
C36H35N2O2+ [M+H]+: 527.2699; Found 527.2699. 
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Representative procedure for trisox ligand synthesis.  To a stirred suspension of 
bis(oxazoline) L2.1395 (1.16 g, 3.50 mmol) in 15 mL THF, NaH (146 mg, 3.67 mmol, 
1.05 equiv, 60.2% in oil) was added in a single portion. The reaction mixture was heated 
to 50 ºC for 15 minutes then allowed to cool to room temperature. In a separate 1 dram 
vial, iodomethane (497 mg, 3.50 mmol, 1.00 equiv) was weighed and dissolved in 1.5 mL 
of THF. The solution of methyl iodide was transferred via cannula to the peach–colored 
reaction mixture followed by rinsing with THF (2 x 0.5 mL). The reaction was stirred at 
room temperature for 30 minutes before adding a second equivalent of NaH (146 mg, 
3.67 mmol, 1.05 equiv). After stirring for an additional 30 minutes, chlorooxazoline S17c 
(872 mg, 4.20 mmol, 1.20 equiv) was added and the reaction was stirred for 18 hours. 
The reaction mixture was poured into 50% aqueous NH4Cl (50 mL), extracted with 
CH2Cl2 (3 x 50 mL) and dried over Na2SO4. Concentration delivered a crude yellow 
foam that was purified by silica gel chromatography (5% MeOH, 1% NH4OH in ethyl 
acetate). Trituration of the resulting solid with 10 mL MeOH followed by vacuum drying !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(95) Prepared according to known methods: Carloni, S.; Borzatta, V.; Moroni, L.; Tanzi, G.; Sartori, G.; 
Maggi, R. Catalysts Based on Metal Complexes for the Synthesis of Optically Active Chrysanthemic Acid. 
International Patent December 29, 2005. 
NN
O O
NaH, MeI
THF, 50 ! 23 ºC
O
N
Cl
+
N N
OO
Me
N O
L2.23L2.13
Chapter 2 
Page 209 
for 20 hours at 80 ºC afforded the desired product as a white solid (1.33 g, 74% yield), 
mp 117–120 ºC.  [!]D 20 = +378 (c 1.02, CHCl3).  Rf = 0.4 (5% MeOH, 1% NH4OH in 
ethyl acetate). 1H NMR (500 MHz, CDCl3): ) 7.52–7.48 (m, 1H), 7.45–7.42 (m, 1H), 
7.34–7.30 (m, 1H), 7.28–7.12 (m, 9H), 5.57 (d, J =8.0 Hz,1H), 5.48 (d, J =7 .9 Hz, 1H), 
5.26 (ddd, J = 7.9, 7.9 ,1.8 Hz, 1H), 5.18 (d, J = 8.0 Hz, 1H), 5.12 (ddd, J = 8.0, 8.0, 1.7 
Hz, 1H), 4.08 (ddd, J = 8.0, 6.9, 1.5 Hz, 1H), 3.35–3.24 (m, 2H), 3.11–2.90 (m, 3H), 
2.84–2.74 (m, 3H), 1.44 (s, 3H). 13C NMR (100 MHz, CD3CN, 50 ºC): ) 167.88, 167.78, 
164.54, 143.69, 143.28, 143.14, 141.60, 141.34, 141.24, 128.15, 126.44, 126.43, 126.38, 
126.36, 126.33, 126.31, 84.35, 83.54, 77.64, 77.55, 41.83, 40.52, 40.49, 40.35, 35.50, 
21.68. IR (thin film): 2969 (bw), 2919 (bw), 1661 (s), 1647 (s), 1478 (m), 1456 (m), 1425 
(m), 1220 (m), 1160(s), 1097 (s), 997 (s), 856 (m), 756 (s) cm#1.  HRMS (ESI+) Calcd 
for C33H30N3O3+ [M+H]+: 516.2287; Found 516.2291. 
 
 (4S,4'S,4''S)-2,2',2''-(propane-1,2,2-triyl)tris(4-phenyl-2-
oxazoline) (L2.22).  Prepared according to general procedure.  1H 
NMR (500 MHz, CDCl3): ) 7.25–7.10 (m, 15H), 5.16 (dd, J = 
5.05, 4.69 Hz, 1H), 5.10 (dd, J = 17.1, 7.6 Hz, 2H), 4.59 (ddd, J = 
13.6, 10.0, 8.6 Hz), 4.52–4.44 (m, 1H), 4.07 (ap t, J = 8.0 Hz, 
2H), 3.95 (ap t, J = 8.4 Hz, 1H), 3.17 (dd, J = 50.9, 14.9 Hz, 2H), 1.75 (s, 3H).  HRMS 
(ESI+) Calcd for C30H30N3O3+ [M+H]+: 480.2287; Found 480.2283. 
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 (3aR,3a'R,8aS,8a'S)-2,2'-(2-((3aS,8aR)-8,8a-dihydro-
3aH-indeno[1,2-d]oxazol-2-yl)-4-methylpentane-1,2-
diyl)bis(8,8a-dihydro-3aH-indeno[1,2-d]oxazole) 
(L2.24).   Prepared according to the general procedure.  1H 
NMR (500 MHz, CDCl3): ) 7.50 (d, J = 6.8 Hz, 1H), 7.46–
7.41 (m, 1H), 7.36–7.13 (m, 10H), 5.53 (d, J = 7.8 Hz, 2H), 
5.48 (d, J = 7.6 Hz, 1H), 5.25 (d, J = 8.1 Hz, 1H), 5.17 (dd, J = 6.7, 1.0 Hz, 1H), 4.46 
(dd, 6.92, 6.59 Hz, 1H), 3.27–3.14 (m, 2H), 3.09–2.98 (m, 2H), 2.94–2.78 (m, 4H), 1.89 
(dd, J = 14.5, 6.2 Hz, 1H), 1.83 (dd, J = 14.5, 6.2 Hz, 1H), 1.61 (dt, J = 13.2, 6.6 Hz, 1H), 
0.73 (d, J = 6.7 Hz, 3H), 0.37 (d, J = 6.7 Hz, 3H).  HRMS (ESI+) Calcd for C36H36N3O3+ 
[M+H]+: 558.2757; Found 558.2763. 
 (3aS,8aR)-2-(2-((3aR,8aS)-8,8a-dihydro-3aH-
indeno[1,2-d]oxazol-2-yl)-1-((R)-4-phenyl-4,5-
dihydrooxazol-2-yl)propan-2-yl)-8,8a-dihydro-3aH-
indeno[1,2-d]oxazole (L2.25). 1H NMR (500 MHz, 
CDCl3): ) 7.55–7.43 (m, 2H), 7.33–7.15 (m, 9H), 7.09 (d, J 
= 7.0 Hz, 2H), 5.56 (dd, J = 18.8, 7.9 Hz, 2H), 5.30 (dq, J = 7.2, 1.6 Hz, 2H), 4.85, (dd, J 
= 9.9, 8.2 Hz, 1H), 3.58 (ddd, J = 16.5, 9.2, 7.1 Hz, 2H), 3.30 (ddd, J = 17.8, 13.5, 7.1  
Hz), 3.09–2.94 (m, 4H), 1.55 (s, 3H). HRMS (ESI+) Calcd for C32H30N3O3 [M+H]+: 
504.2287; Found 504.2309. 
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 (3aS,8aR)-2-(2-((3aR,8aS)-8,8a-dihydro-3aH-
indeno[1,2-d]oxazol-2-yl)-1-((4R,5S)-4,5-diphenyl-4,5-
dihydrooxazol-2-yl)propan-2-yl)-8,8a-dihydro-3aH-
indeno[1,2-d]oxazole (L2.26). 1H NMR (500 MHz, 
CDCl3): ) 7.54 (d, J = 8.1 Hz, 2H), 7.33–7.21 (m, 5H), 7.11 
(t, J = 7.14 Hz, 1H), 7.06–7.00 (m, 3H), 6.98–6.91 (m, 3H), 6.82 (d, 7.5 Hz, 1H), 6.73 
(ddd, J = 22.8, 7.2, 2.0 Hz, 4H), 5.60 (dd, J = 16.3, 8.0 Hz, 2H), 5.34 (m, 2H), 5.24 (d, J 
= 10.6 Hz), 3.40–3.18 (m, 4H), 3.01 (dd, J = 30.8, 17.7 Hz, 2H), 1.70 (s, 3H). HRMS 
(ESI+) Calcd for C38H34N3O3 [M+H]+: 580.2600; Found 580.2626. 
 (4R,4'R,4''R)-2,2',2''-(ethane-1,1,1-triyl)tris(4-phenyl-4,5-
dihydrooxazole) (L2.27).   
1H NMR (500 MHz, CDCl3): ) 7.37–7.22 (m, 15H), 5.32 (dd, J = 
10.1, 7.7 Hz, 3H), 4.76 (dd, J = 10.1, 8.4 Hz, 3H), 4.27 (dd, J = 8.0, 
8.0 Hz, 3H), 2.06 (s, 3H). HRMS (ESI+) Calcd for C29H28N3O3 [M+H]+: 466.2131; 
Found 466.2140. 
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